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PUBLICATION DISSERTATION OPTION

This dissertation has been prepared in publication format, and consists of
the following sections:
Section 1, Pages 1-3 introduces the project and gives an outline of the
main scientific questions.
Paper I, pages 2 to 63, is titled “The Role of Crustal Strength Anisotropies
in Strain Localization during Incipient Continental Rifting: An Example from the
Okavango Rift Zone, Botswana,” was submitted to the JOURNAL OF
STRUCTURAL GEOLOGY, and is in the second round of reviews.
Paper II, pages 64 to 107, is titled “The Role of Fluid-Enhanced Tectonic
Inheritance in Continental Rifting,” was submitted to TECTONICS.
Section 4, Pages 108 to 111 summarizes the main conclusions of the
research project.
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ABSTRACT

Integrated geophysical, remote sensing, and field investigations of the
Okavango Rift Zone (ORZ), Botswana indicate that a feedback between
optimum-oriented basement structures and fluid flow influence the nucleation and
growth of continental rifts in their incipient stages. The ORZ, the youngest rift of
the East African Rift System, occurs within a Proterozoic inter-cratonic suture
zone - the NE-trending Precambrian Damara/Ghanzi-Chobe orogenic belts. The
Pleistocene to Holocene ORZ forms a ~450 km long and ~100 km wide halfgraben bounded by NE-trending normal faults. Basement units within the
Damara/Ghanzi-Chobe orogenic belts exhibit a well-developed NE-trending
linear fabric (045-065) defined by parallel limbs of tight folds. The Tsau – Chobe
fault system nucleated along the Proterozoic tectonic sutures defining the
location of the embryonic ORZ. The initial length of the rift was established first
by the Tsau-Chobe master-border fault as ORZ faults have abnormally low D/L
relationships as a result of failure along favorably oriented preexisting
mechanical strength anisotropies in the crust. Fluid circulation within fault zones
reduces the shear stress necessary to reactivate these faults. Subsequent slip
events trigger a pore fluid wave that promotes along strike propagation of the
fault with low displacement. This creates a positive feedback in which fewer,
longer, faults suppress nucleation of new faults. Eventually these faults develop
strong cohesive fault rocks, and are abandoned in favor of forming new faults
along planar strength anisotropies into the Ghanzi-Chobe basement, widening
the ORZ in a southeast direction.
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SECTION

1. INTRODUCTION

Understanding the mechanisms controlling the initial stages of continental
rifting is crucial to understanding how strain is distributed in the lithosphere.
There are two main models explaining extension of continental lithosphere;
active rifting and passive rifting (see Ebinger, 2005 for a review). In active rifting
the main mechanism controlling extension is invasion of the lithosphere by
magma that originated from a mantle plume. Strain is manifested through dike
injection. The lithosphere is weakened through thermal heating and repeated
diking promotes stretching through addition of new material to the lithosphere. In
passive models the driving force for extension is created by “far-field” tectonic
forces created at plate margins. These forces are thought to be “ridge-push”,
“slab-pull”, “trench-suction”, or any combination of the three. The cumulative
force is transmitted into the plate interior where it can create an extensional
stress regime leading to continental rifting. Pre-existing heterogeneities, high
heat flow, and rocks with low strength could facilitate localization of the rift (for a
review see Burg, 2014). In the passive rifting model magmatic intrusions occur as
a consequence of lithospheric thinning due to stretching (i.e., decompression
melting) rather than being the causative agent of rifting.
These end member models are the outgrowth of multiple investigations of
well-developed continental rifts (e.g., Kenia Rift: Braile et al., 1995, Byrne et al.,
1997, Simiyu and Keller, 1997; Baikal: Gao et al., 1994; 1997; 2003, Thybo and
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Nielsen, 2009; Afar: Keranen et al., 2004, Bridges et al., 2012). These
continental rifts show well-developed features characteristic of evolved rifts, for
example, the Main Ethiopian Rift – MER, a rift system in its break-up stage, has
border faults with lengths up to 50 km and 3 km throw. It has at least three ~20
km-wide magmatic segments, each of which exhibit active volcanoes, basaltic
fissures, young faults, and seismic activity (Keranen and Kemplerer, 2008). While
these characteristic features attract a lot of attention from geologists and
geophysicists, they also serve to obscure the earliest surface manifestations of
continental rifting, thus making it very difficult to identify which shallow crustal
processes were important in the earliest stages of continental rifting.
In order to investigate mechanisms operating during the nascent stages of
continental rifting this research focuses on the Okavango Rift Zone of northern
Botswana. The Okavango Rift Zone is the youngest active rift zone within the
EARS (Reeves, 1972, Scholz et al., 1976). The Okavango Rift Zone is located
between the Congo and Kalahari Cratons, and is underlain by the Pan-African
Damara Belt a Precambrian orogenic belt formed by the tectonic collision of
these two cratons. The Okavango Rift Zone provides an opportunity to
investigate how strain, during the earliest stages of continental rifting, is
manifested at the surface because the geologic record of strain (e.g., topographic
expression, faults, basement fabrics) have yet to be modified by later processes
or obscured by volcanic products. Through an integrated remote sensing,
airbone magnetic, and field investigation, this work focusses on the following
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scientific question: “What is the role of tectonic inheritance in the incipient stages
of continental rifting?” as it relates specifically to:
•

How do normal faults grow?

•

What is the role of fluids in fault initiation and development?

•

How is strain localized and transferred to another fault segment?

•

What is main mechanism to define a “Master Border Fault”?

•

What is the role of lithospheric-scale weaknesses in rift nucleation?

•

Is there a boundary in which ORZ faults do not growth further along
length?

This research addresses aspects of the role of tectonic inheritance in the
next two chapters of this dissertation, both of which have been submitted for
publication. The first chapter examines the role of fluid assisted tectonic
inheritance on the development of normal faults associated with the Okavango
Rift Zone. The second chapter examines the role of the Precambrian suture
zones between the Congo and Kalahari cratons and the localization of nascent
Okavango Rift Zone.
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PAPER

I.

THE ROLE OF CRUSTAL STRENGTH ANISOTROPIES IN STRAIN
LOCALIZATION DURING INCIPIENT CONTINENTAL RIFTING: AN
EXAMPLE FROM THE OKAVANGO RIFT ZONE, BOTSWANA

Angelica Alvarez Naranjo and John P. Hogan
ABSTRACT
Fault nucleation and growth is investigated through length-height profiles of 7
normal faults of the Okavango Rift Zone, Botswana, using 1029 topographic
profiles obtained from the Shuttle Radar Topography Mission (30 m spatial
resolution). Faults preserve 3 different across-scarp profile geometries:
asymmetric, linear, and composite which exhibit irregular “saw-tooth” shapes,
indicating degradation by incision. Fault trace lengths (L) vary from 55 to 237 km
and fault trace heights (D) vary from 17 to 141 m. Normal faults show low D/L
ratios compared to “typical” normal faults (Dmax/L=10-3). The intrinsically long L
and lower Dmax reflect nucleation of fewer faults along favorably oriented
preexisting mechanical strength anisotropies in the crust. Fluid circulation within
fault zones reduces the shear stress necessary to reactivate these faults.
Subsequent slip events trigger a pore fluid wave that promotes along strike
propagation of the fault with low displacement. This creates a positive feedback
in which fewer, longer, faults suppress nucleation of new faults. Eventually these
faults develop strong cohesive fault rocks and are abandoned in favor of forming
new faults and the process is repeated. In this way the preexisting basement
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structures greatly influence the earliest stages continental rifting as defined by
the location and growth of master border faults.
1. Introduction
Processes controlling the location, geometry, and growth of normal faults are
important to understanding how strain is localized within the upper crust during
the initial stages of continental rifting. However, the earliest stages of interplay
between initiation of continental rifting and initiation of normal faults associated
with these rifts remains speculative, mainly because most of our current
knowledge about how continental rifts evolve comes from studies of highly
evolved continental rift zones (e.g., Kenya Rift: Braile et al., 1995; Byrne et al.,
1997; Simiyu and Keller, 1997. Baikal: Gao et al., 1994, 1997, 2003; Thybo and
Nielsen, 2009. Afar: Keranen et al., 2004). In these studies the earliest surface
manifestations of continental rifting are commonly obscured by a combination of
sedimentation, volcanism, advanced tectonism, and erosion, making it difficult to
identify the role normal faults play in localizing strain during the embryonic stages
of continental rifting.
The Okavango Rift Zone (ORZ) is the youngest active rift zone within the East
African Rift System (EARS) (Fig. 1). Earthquake seismicity along normal faults is
associated with the rift (Reeves, 1972; Scholz et al., 1976). However, a clear and
well defined master border fault for the ORZ has yet to be recognized (Modisi et
al., 2000; Kinabo et al., 2008; Shemang and Molwalefhe, 2009; Mosley-Bufford
et al., 2012). Recent geophysical studies document higher heat flow associated
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with the rift fault system, as well as the presence of at least one hot spring
(Leseane et al., 2015) although, no modern volcanic activity is recorded. Thus,
the ORZ provides an excellent opportunity to investigate how strain is manifested
at the surface and in the upper crust by normal faults during the nascent stages
of continental rifting because the geological record of strain has yet to be
obscured by volcanic products, nor has the rift matured to the point of having well
established master border faults. Studying how normal fault systems develop at
initial stages of continental rifting could contribute to refine the models of normal
fault growth and rift initiation, especially the role of structural heterogeneity and
pore fluid pressure in fault growth and propagation at initial stages of continental
rifting.
The development of faults over time can be characterized by comparison of
fault attributes such as displacement, length, damage zone thickness, and
spacing (see Kim and Sanderson, 2005; Torabi and Berg, 2011 for reviews). In
particular the relationship between fault length and displacement has been
investigated by characterizing fault profiles, especially the variation in the amount
of “displacement”, as in most studies separation is being measured, along the
length of the fault trace. The positive correlation between fault displacement and
fault length over several orders of magnitude has received considerable attention
and in general faults follows a scaling power law where fault displacement (D)
and length (L) are related by the expression:
D = cLn

(1)
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where c is a constant, dependent on tectonic setting and rock type and n typically
has values between 0.5 to 2. Although interpretation of the evolution of faults in
three dimensions, and fault systems from two dimensional data sets presents
many challenges (e.g., see Kim and Sanderson, 2005) fault profile studies have
promoted useful insights into the growth and development of fault systems
(Walsh and Watterson, 1987, 1988; Cowie and Scholz, 1992a, b; Burgmann, et
al., 1994; Peacock and Sanderson, 1996; Kim et al., 2001a, b; Wilkins and
Gross, 2002; Walsh et al, 2003.).
Interpretation of the positive correlation in the D/L ratio of normal faults over a
range of scales, from a wide variety of locations, and tectonic settings has led to
the development of competing models for normal fault growth. Faults
incrementally increase in size (i.e., length and displacement), by accumulating
slip acquired during successive earthquake events (Walsh and Watterson, 1987;
Stein et al., 1988; Nicol et al., 2010). Two main models have been proposed to
explain fault growth. The first model is “Segment Linkage” - in which separate
fault segments nucleate and grow and then favorably oriented fault segments link
together to form a larger continuous fault (Segall and Pollard, 1980; Ellis and
Dunlap, 1988; Walsh and Watterson, 1989; Peacock and Sanderson, 1991;
Trudgill and Cartwright, 1994; Cartwright et al., 1995; Childs et al., 1995; Dawers
and Anders, 1995; Kim et al., 2000, Mansfield and Cartwright, 2001; Walsh et
al., 2003; Kim and Sanderson, 2005; Hus et al., 2006). The second fault model is
“Radial Propagation” - in which individual fault segments nucleate and grow
incrementally in size without necessarily having to link together with other fault
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Figure 1. (a) Generalized map of the EARS showing the most important features of the main four
branches, modified from Shemang and Molwalefhe (2009). (b) Southwestern Branch modified
from the NASA Shuttle Radar Topography Mission (SRTM). (c) Structural map of the ORZ,
showing main fault traces in white (CF - Chobe Fault, GF - Gumare Fault, KF - Kunyere Fault,
LyF - Linyanti Fault, MF - Mababe Fault, PF - Phuti Fault, ThF - Thamalakane Fault); and
secondary fault traces in red (previously recognized by Modie, 1996; Modisi, 2000; Mosley et al.,
2012), or recognized in this study.
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segments (Watterson, 1986; Walsh and Watterson, 1989; Peacock and
Sanderson, 1991; Cartwright et al., 1995; Dawers and Anders, 1995). A variation
of the Radial Propagation model proposes faults achieve, nearly, their maximum
length early in their history and subsequently grow through cumulative increases
in displacement without significant increases in length (Walsh et al., 2002).
Normal faults associated with the ORZ, may represent an example of the
early stages of this style of fault growth as they characteristically exhibit very long
lengths and are “under-displaced” in comparison to “typical” D/L ratios for normal
faults (e.g., see Nicol et al., 2010; Kinabo et al., 2008). We use remote sensing
techniques (Shuttle Radar Topography Mission – SRTM, Landsat ETM, and
GeoEye), to extract fault trace length – fault trace heights of the seven main fault
of the ORZ. We discuss the evolution of each fault to constrain the temporal
relationship between faulting, sedimentation, and erosion. We use these
measurements as a proxy for displacement (D) – length (L) relationship of ORZ
faults to propose a model for nucleation and growth of a small number of
intrinsically long, low displaced, normal faults as a consequence of crustal
extension of a basement rocks with well-developed, favorably oriented, strength
anisotropies; first under the conditions of low pore fluid pressure and then under
elevated pore fluid pressure. The nucleation of faults on preexisting strength
anisotropies in the basement and the influence of these faults on the fluid
circulation suppresses the nucleation density of smaller normal faults. These
conditions favor growth of isolated, long, low-displacement normal faults, which
in time increase in cumulative displacement. We suggest that cohesive
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strengthening of active faults during inter-seismic events leads to their eventual
abandonment in favor of nucleating new faults along similar favorably oriented
planar weaknesses in the basement – the result being a widening of the ORZ
with time.
2. Geological Setting
The Okavango Rift Zone (ORZ) is part of the East African System (EARS)
(Fig. 1a). The EARS is divided in 4 branches: Eastern, Southeastern, Western,
and Southwestern branch. The Eastern branch extends from the Afar triangle in
the north, to the basins of the North-Tanzanian divergence in the south, for a
distance of ~2200 km (Chorowicz, 2005). The Southeastern branch is located
between the Tanzanian divergence to the west, and the Davis ridge to the east,
with undersea north-striking basins, parallel to the continental margin
(Chorowicz, 2005).
The Western branch extends from Lake Albert in the north to Dombe in
Mozambique (Kampunzu, 1998), for a distance of ~2100 km. The Southwestern
branch (Fig. 1b) is the youngest segment of the EARS (<15 Ma) (Fairhead and
Girdler, 1969; Reeves, 1972; Girdler, 1975; Scholz et al., 1976; Chapman and
Pollack, 1977; Ballard et al., 1987; Sebagenzi et al., 1993; Modisi, 2000; Modisi;
et al., 2000; Kinabo, 2007, 2008; Mosley-Bufford et al., 2012). It consists of
seven asymmetric basins, with half-graben geometry, connected by transfer or
accommodation zones (Rosendahl, 1987; Ebinger, 1989); and include: Luangwa,
Luano, Mweru, Lukusashi, Upemba, Kariba and Okavango (Kinabo, et al., 2007).
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These individual basins (with averages of 100 km long and 40 – 80 km wide),
extend for around 1700 km in a southwestern direction from West Lake
Tanganyika to the western limit of the ORZ, defining a northeast-southwest
trending extensional crustal province (Modisi et al., 2000).
The ORZ (Fig 1c), represents the southwestern-most tip of the Southwestern
branch of the EARS (Modisi et al., 2000). It is located in an inter-cratonic area
situated between the Congo craton to the northwest and the Kalahari craton to
the southeast, and underlain by the Pan-African Damara and Ghanzi – Chobe
orogenic belts (Fig. 2a). The Damara and Ghanzi-Chobe belts were formed
during Pan-African orogenesis that led to the assembly of Gondwana (~650-450
Ma. see Hanson, 2003). Damara belts deform mostly supracrustal successions
of Neoproterozoic age, particularly sedimentary rocks and some volcanic units,
formed in an intracontinental rift basin (Hanson, 2003).
In northwest Botswana Pan-African orogenesis is represented by the Ghanzi Chobe orogenic belt. Two main units compose the Ghanzi - Chobe orogenic belt:
The Ghanzi Group and the Kgwebe formation (Fig. 2b). The Mesoproterozoic
Kgwebe formation corresponds to rhyolites with post-orogenic “within-plate”
trace-element signatures (Singletary et al., 2003). The Mesoproterozoic Ghanzi
Group is formed mainly of clastic and carbonate rocks overlying the Kgwebe
formation (Singletary et al., 2003). The Kwebe formation and the Ghanzi Group
form what is called the Northwest Botswana Rift – a Meso- to Neoproterozoic
intracratonic rift (Key and Mapeo, 1999). These units correspond to the lower
part of the rift fill that was metamorphosed to lower greenschist facies during

12
Pan-African orogenesis (Singletary et al., 2003). The Ghanzi - Chobe belt has a
prominent northeast-southwest regional fabric, characterized by northeasterly
trending foliation, fold axial surfaces, and faults readily imaged in aeromagnetic
maps (Modisi, 2000; Modisi; et al., 2000; Kinabo, 2007, 2008; Shemang and
Molwalefhe, 2009; Lehmann et al., 2015; Leseane et al., 2015 ).
The basaltic-doleritic Okavango Dyke Swarm, with an average azimuth of
110°, is a prominent feature of the basement in aeromagnetic maps (Le Gall et
al., 2005). The Okavango Dyke Swarm is considered to be related to the westnorthwest trending, early Jurassic (~179 Ma) Karoo Large Igneous Province
(Hastie et al., 2014). Karoo dyke swarms are interpreted as products of the
breaking of Gondwana during the opening of the South Atlantic Ocean (Reeves,
2000). Based on analysis of aeromagnetic data, NE-trending faults related to
continental rifting displace the Okavango Dyke Swarm and provide the best
evidence for constraining the normal dip-slip displacement along faults
associated with the ORZ (Kinabo et al., 2008). Faults in the ORZ show evidence
for strain transfer from old, in-basin, and less active fault traces; to younger and
more active faults, following a SE direction of strain transfer by a process of “fault
piracy” (Kinabo et al, 2008). A precise age of the rifting initiation for the ORZ
remains unclear, however several paleo-environmental reconstructions locate the
age of initiation of rifting between 120 Ka and 40 Ka (Moore and Larkin, 2001;
Ringrose et al., 2005; Gamrod, 2009). Recent seismic activity shows that the
ORZ is a tectonically active system (Reeves, 1972; Scholz et al., 1976).
The ORZ forms a 400 km long and 150 km wide asymmetrical half-graben
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Figure 2. (a) Major litho-tectonic units divided in crustal age domains in southern Africa. Archean
units: Congo Craton, Kaapwaal Craton, Zimbabwe Craton. Paleoproterozoic units: BB Bangweleu Block (Archean ages at deeper crustal levels), KhB - Kheis Belt, LB - Limpopo Belt,
MB - Magondi Belt, UB - Ubendian Belt. Paleo - Mesoproterozoic units: RP – Rehoboth Province.
Mesoproterozoic units: CKB - Choma - Kalomo Block, IB - Irumide Belt, KB - Kibaran Belt, NaqB Namaqua Belt, NB - Natal Belt. Meso - Neoproterozoic units: GCB - Ghanzi - Chobe Belt and
equivalent units in Namibia. Neoproterozoic units: DB - Damara Belt, GB - Gariep Belt, KaB:
Kaoko Belt, LA - Lufilian Arc, MoB - Mozambique Belt, ZB - Zambezi Belt. Paleozoic units: CfB Cape Fold Belt. Modified after Key & Ayres, 2000; Modie, 2000; Hanson, 2003; Singletary et al.,
2003; Begg et al., 2009; Hanson et al., 2004, 2011; Miensopust, 2011; Miller, 2012; Leseane et
al., 2015. (b) Precambrian geology of Botswana. Archean units: Congo Craton, Zimbabwe
Craton. Paleoproterozoic units: KhB - Kheis Belt, LB - Limpopo Belt, MB - Magondi Belt, QC –
Quangwadum Complex. Mesoproterozoic units: KwC – Kwando Complex, TC – Tshane
Complex, XC – Xade Complex, KF – Kgwebe Formation. Meso - Neoproterozoic units: GCB Ghanzi - Chobe Belt and equivalent units in Namibia. Neoproterozoic units: RC – Roibok
Complex, KG – Koanaka Group, AH – Aha Hills Group, TH: Tsodillo Hills Group, XG – Xaudum
Group. Undefined Age: CC – Chihabadum Complex. Units obscured by younger strata: PB Passarge basin, NB – Nosop Basin. Modified after Singletary et al., 2003.

(Mosley-Bufford et al., 2012), with NE-striking normal faults, following the main
trend of the basement orogenic Damara and Ghanzi-Chobe belts. The
southeastern side of the half-graben is the main boundary, where NW-dipping
faults represent the main geomorphologic feature separating the ORZ structural
depression from the Ghanzi ridge to the SE (Fig. 1c). Two main depocenters are
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located within the ORZ: Ngami and Mababe sub-basins. The Ngami sub-basin is
bounded by the Gumare and Lecha faults, with an estimated average depth to
basement of 400 m (Kinabo et al., 2007). The Mababe sub-basin is bounded by
the Tsau/Chobe and Mababe faults, with an estimated average depth to
basement of 800 m (Kinabo et al., 2007). The Okavango depression is filled with
sediments of several stages of landscape evolution in the Kalahari depression,
representing from bottom to top: (a) fan deposits of the paleo-Okavango
megafan, (b) lacustrine deposits of the paleo-Lake Makgadikgadi, (c)
intercalations of fan, lacustrine and fluvial deposits, (d) Duricrust material, and (e)
Deposits of the Okavango fan (Podgorski, et al., 2013). these sediments, and the
consequent water infiltration during the different stages of sedimentation in the
ORZ depression promote the increase of fluid pressure at depth. The presence
of fluids at depth is evidenced by high conductivity values along some of the fault
traces in the SE side of the basin (Mosley-Bufford, et al., 2012), and also by
elevated Curie depths in the rocks of the basement below the sediments,
possibly indicating deep meteoric hot water rising up along basement fabrics
(Leseane et al., 2015).
3. Methods
The main geometric characteristics of ORZ normal faults (e.g., fault trace
lengths and fault trace heights) were defined by remote sensing analysis of the
Shuttle Radar Topography Mission (SRTM), Landsat ETM, and GeoEye imagery.
The ORZ is characterized by low topographic relief, with a maximum elevation
difference of 105 m for an area of at least 75200 km2 (Gumbricht et al., 2001).

15
Imaging the subtle topographic scarps associated with the normal faults was
accomplished by first mosaicking individual SRTM titles using Cubic Convolution
(Keys, 1981) to produce maps at appropriate scales (ranges between 1:200 –
1:6500). Hill shade relief maps, with various amounts of vertical exaggeration
(from 20x to 90x), were essential to precisely locating the surface trace of faults.
Landsat ETM and GeoEye imagery were used during the initial stages of
interpretation as means of optical recognition of main fault traces, and support
interpretation of the SRTM data.
SRTM data is 3D topographic terrain data acquired by the National
Aeronautics and Space Administration (NASA), the United States National
Geospatial- Intelligence Agency (NGA) and the Italian and German Space
agencies, and is available from the NASA’s Jet Propulsion Laboratory. Two
different datasets are available: 3-arc second (1/1200 degree), equivalent to a 90
m spatial resolution, and 1-arc second, equivalent to 30 m spatial resolution.
Both data sets were used to interpret the main geometric characteristics of ORZ
normal faults. The 90 m spatial resolution dataset was used during the initial
stages of the research in which topographic profiles were generated with a
horizontal separation of 5 km. Final fault trace lengths and topographic profiles of
the fault scarps reported here were mapped at horizontal separation of 1 km
using SRTM images from October, 2014 that have a 30 m spatial resolution
using the ENVI version 4.8.
Seven main faults, with topographic expression, were analyzed for this study
(Kunyere, Thamalakane, Chobe, Linyanti, Phuti, Gumare and Mababe). For each
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of the fault traces, topographic profiles were acquired along the full length of the
fault, and perpendicular to their azimuth, with a horizontal separation of 1 km. For
the Kunyere fault we reduced the separation between fault scarp profiles to 100
m in the vicinity of the maximum fault scarp height (H’) to evaluate the potential
for variation in H’ as a function of trace separation. The maximum difference
between the 1 km and 100 m spacing was to 2 m – the low magnitude of this
difference will not affect interpretations based upon a 1 km spacing used for
investigating the ORZ faults. A total of 1029 profiles were generated and
analyzed, using the fault trace height as a proxy of the displacement for each of
the profiles (Fig. 3).
The vertical error of the SRTM data, according to specifications, is assumed
to be 16 m worldwide. However, several studies conducted in order to assess a
more appropriate value (depending on local conditions and using different
methodologies) report a smaller vertical error. Berry et al. (2007) validated SRTM
elevation data using an altimeter derived height data set, finding that overall for
the African continent the vertical error has a mean difference of 1.86 m with a
standard deviation of 15.62 m with the lowest uncertainties obtained in relatively
arid and flat terrains. Shortridge and Messina (2011) came to similar results in
relatively flat areas where vertical accuracy is high. Gorokhovich and
Voustianiouk (2006) found that the vertical accuracy of SRTM data is from 2 to 4
times higher than the CGIAR specifications, and the lowest uncertainties are
obtained in terrains with slopes less than 10°. Carabajal and Harding (2006),
using a global distributed geodetic reference frame (ICESat) to validate vertical
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accuracy of SRTM data, found that in areas of low relief and sparse tree cover,
elevation differences have means of 3.9 m below and 1.0 above ICESat data,
with standard deviations between 3.0 and 3.7 m. The ORZ is characterized by
sparse vegetation and very low slopes. Thus, the vertical error will be low and will
not affect the interpretations based upon topographic scarps profiles.

Figure 3.Topographic profile of the Chobe Fault, located 80 km along length from the
southwestern tip, extracted from SRTM (30 m. spatial resolution). Fault trace height is used as a
proxy for displacement.

Kim and Sanderson (2005) provide a detailed review of the relationship
between fault displacement D and fault length L and how these characteristics
are measured, compared, and interpreted. We use their terminology and
measure the fault trace length (L’) as the longest horizontal or sub-horizontal
exposed trace of the fault along the topographic surface. The fault trace height
(H’) is the exposed length of the fault in cross-section and is measured from
topographic profiles perpendicular to the fault scarp trace (Fig. 3). Fault Trace
Height (H) – Fault Trace Length (L) plots are used to establish the shape of each
fault trace and interpret variation in displacement along the fault length. Finally,
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the total length (L’) and maximum height (H’) of each fault at the surface was
compared with their respective total length and maximum geophysical throw
obtained from Kinabo et al. (2007, 2008).
4. Results
4.1.

Analysis of H’/L’ for individual traces

The relationship between fault trace height (H’) and fault trace length (L’) of
seven prominent ORZ faults is investigated using a total of 1029 topographic
profiles extracted from SRTM data (Table 1). ORZ fault traces vary in lengths
from 55 to 237 km and in heights from 3 to 141 m. Fig. 4 depicts the topographic
expression of individual fault traces as hillshades, as well as the variation in fault
trace height (H’) along the length of the trace of the fault (L’) in the corresponding
H’-L’ profile.
The “saw-tooth” H’-L’ profiles of ORZ faults are grouped into three
generalized patterns: 1) Asymmetric Parabolic, 2) Linear, and 3) Composite. For
asymmetric parabolic traces the maximum fault trace height occurs to either the
left or right of the central point of the fault scarp trace. Linear fault trace profiles
define two sub categories, one in which the fault trace heights are low (<20m)
and remain constant along the length of the fault trace, and the other in which the
fault trace height increases in a unidirectional manner along the trace of the fault.
Composite profiles are a combination of the first two groups. Individual fault trace
H-L profiles are discussed as members of these three groups.
4.1.1 Asymmetric Parabolic Fault Trace Profiles
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Table 1. Fault trace dimensions of the ORZ system calculated from SRTM data with 30 m. spatial
resolution.

Fault

Maximum
Trace Length
(Km)

Minimum
Trace Height
(m)

Maximum
Trace Height
(m)

Chobe (CF)
Gumare (GF)
Kunyere (KF)
Linyanti (LyF)
Mababe (MF)
Phuti (PF)
Thamalakane (ThF)

165
183
237
168
55
112
124

4
5
3
4
16
6
6

141
50
58
17
46
17
26

4.1.1.1

Thamalakane Fault. The Thamalakane fault is located along

the southeast side of the basin, where estimates of 400 meters (see Kinabo et
al., 2007) of sediments of the Okavango alluvial fan have accumulated along this
topographic barrier and bury the hanging wall (Fig. 1c). It separates basement
rocks on the footwall (Ghanzi Group) from sediments of the Okavango Delta in
the hanging wall. The fault has a total trace length of 124 km and a maximum
trace height of 26 m (table 1). The throw on the basement is 80 m and larger
than the trace height suggesting the fault is more “mature” (Kinabo et al., 2008).
Kinabo et al., (2008) suggested strain from the Kunyere fault is being transferred
to the Thamalakane fault – which may be developing into the new border fault for
the ORZ as a result of “Fault Piracy”.
The H’-L’ fault trace profile for the Thamalakane fault exhibits an overall
“saw-tooth” asymmetric parabolic shape (Fig. 4a). The longest trace heights of
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Figure 4. Upper images: Traces of the main ORZ normal faults. Images extracted from the
Shuttle Radar Topography Mission (SRTM). Down images: Fault trace height – fault trace length
profiles of each respective fault trace. Asymmetric parabolic profiles: (a) Thamalakane Fault, (b)
Mababe Fault, (c) Gumare Fault. Linear fault profiles: (d) Phuti Fault, (e) Linyanti Fault, (f) Chobe
Fault. Composite fault profile: (g) Kunyere Fault.
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Figure 4. (cont.)

Figure 4. (cont.)

~26 m, are located ~45 km south of the center of the fault trace, or 10-28 km in
from the southern tip of the fault. From approximately 39 km to the end of the
trace (124 km), the fault trace gradually decreases in height (from 20 to 5 m).
The scarp is transected in several places by stream drainages giving rise to the
“saw tooth” pattern (Fig. 4a). To the northeast, the scarp becomes subdued by
sedimentation associated with the distal parts of the Okavango Delta. In this area
the scarp is difficult to detect over distances of 2-7 km (Fig. 4a).
4.1.1.2

Mababe Fault.

The Mababe fault crops out along the

southern side of the ORZ to the northeast of Maun (Fig. 1c). This fault defines
the eastern limit of the Mababe Depression, which is the deepest depocenter in
the ORZ (Kinabo et al., 2007). In comparison to other ORZ faults (see table 1),
the maximum trace height for this fault is very high (46 m) for its total trace length
(55 km). The geophysical throw on the Mababe fault is also very large (~521 m)
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and is much larger than the fault trace height (46 m) which led Kinabo et al.
(2008) to suggest it is an older “inactive” fault. The Mababe fault has also been
shown to be more substantial in length and extended much farther to the
northeast (Leseane et al., 2015). Although no obvious fault scarp was observed
in this area, there is a possibility of truncation of geophysical aeromagnetic
patterns, again suggesting the Mababe to be an older inactive fault. The
conservative fault length of 55 km is used in this paper.
The H’-L’ trace profile of the Mababe fault (Fig. 4b), shows an asymmetric
parabolic trend, with the lowest heights (~16 m) at the southern tip (~2 km), and
gradually increasing to the N up to 46 m (~45 km). The maximum fault trace
height is displaced ~18 km to the north of the center of the fault trace. This fault
scarp may reflect extensive modification due to its presumed older “age”. The
southern tip of the fault is either buried by the Okavango alluvial fan sediments
(see Fig. 1c, 4b) or has linked with the “younger” and more active Phuti and/or
Thamalakane faults as another example of “Fault Piracy” (Kinabo et al., 2008).
4.1.1.3

Gumare Fault. The Gumare fault crops out along the

northern edge of the southwestern portion of the ORZ, separating basement
rocks of the Damara Belt to the northwest from sediments of the Okavango Delta
to the southeast (Fig. 1c). Kinabo et al., (2007) show the fault dipping to the SE
and defining the NW limit of the ORZ half graben.
The saw-tooth H’-L’ profile for the Gumare fault is best represented as an
overall asymmetric parabolic profile (Fig. 4c). The fault extends for at least 183
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km and the trace height increases from south to north over a relatively short
distance to achieve maxima of 50 m at 35 km along the trace (Table 1). From this
point north, along the remaining 138 km of the profile, the fault trace height
gradually decreases to approximately 12 m at the northern tip of the fault. The H’L’ fault profile has a pronounced “saw-tooth” pattern and exhibits an overall
asymmetric parabolic shape (i.e., the maximum trace height is displaced ~55 km
from the center of the fault trace). The wider, deeper, valleys dissecting the fault
scarp trace coincide with stream drainages. Whereas the shallow, closely
spaced, “valleys” represent inter-dune lows between parallel late Pleistocene to
Holocene (McCarthy, 2003) longitudinal dunes that are truncated by the trace of
the Gumare fault (see McFarlane and Eckardt, 2007; and Fig. 5).

Figure 5. SRTM image and simplified geological interpretation of a portion of the Gumare Fault.
Dune crests and inter-dune valleys are responsible for “small valleys” (B) in the H’-L’ profile.
Stream drainages are responsible for “deeper valleys” (A) in the H’-L’ profile. See Fig. 4c for the
complete H’/L’ profile for this fault.

4.1.2 Linear Fault Trace Profiles
4.1.2.1.

Phuti Fault.

The Phuti fault, being the southern-most

recognizable fault trace, delimits the southeastern edge of the ORZ (Fig. 1c). The
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fault is contained within the basement rocks of the Ghanzi formation exploiting
the preexisting fabric. It extends for 112 km with a maximum fault trace height of
15 m. The trace height is in agreement with the geophysical throw suggesting a
“young” fault (Kinabo et al., 2008).
The H’-L’ scarp profile for the Phuti fault (Fig. 4d) shows a “saw-tooth” linear
fault profile that remains constant along the length of the fault trace (112 km),
with heights ranging between 8 m and 15 m (table 1). The northern trace of the
fault, approximately at 82 km, changes abruptly towards the north, where it links
with the older Mababe fault at the northern most tip of the fault.
4.1.2.2

Linyanti Fault.

The Linyanti fault crops out within the

northern interior portion of the ORZ (Fig. 1c). The trace of the fault, which
extends for 168 km, is defined by three segments of length 109 km, 24 km, and
35 km (Fig. 4e). The maximum fault trace height is 14 m (Table 1). The
geophysical throw on the basement has not been constrained (Kinabo et al.,
2008).
The H’-L’ “saw-tooth” scarp profile for the Linyanti is linear and subdued.
Similar to the Phuti fault, the fault trace height remains fairly constant - fluctuating
between 4 m and 14 m along the 168 km length of the fault (Fig. 4e). The
Okavango River is deflected by the southern end of the Linyanti fault, in the
region from ~0 km to ~11 km. The river breaches the scarp at ~ 6 km from the
southern tip of the fault (Fig. 6). The Kwando River is also deflected by the fault.
Approximately 10 km from the southern tip the river course parallels the trace of
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the fault scarp, in a northeastern direction, eventually breaching the fault scarp at
~131 km. Here the course of the river turns abruptly to the South until it abuts
against the Chobe fault and flows northeastward along this fault scarp (Fig. 6).

Figure 6. GeoEye image of the Linyanti Fault deflecting a branch of the Okavango River, also
this fault trace deflects the Kwando River. The Okavango and the Kwando rivers breach the fault
scarp at ~ 6 km and ~ 131 km along the trace of the fault.

4.1.2.3

Chobe Fault.

The Chobe fault crops out along the

northeastern side of the ORZ (Fig. 1c), separating mostly Karoo Basalts to the
southeast (foot wall) from sediments of the Okavango basin to the northwest
(hanging wall). The fault trace is irregular, with a total length of ~165 km (table 1).
This fault preserves the highest scarp of the ORZ with values up to 141 m. This
may reflect the competent nature of Karoo Basalt or the possibility that this is an
“older” and still active fault. The basement throw for the fault was not determined
due to the lack of Karoo dikes to measure its displacement (Kinabo et al., 2008).
H’-L’ “saw-tooth” profile for the Chobe fault is linear but preserves a dramatic
change in trace height from south to north (Fig. 4f). The lowest fault height (~4 m)
occurs at the southern tip and is located well inside the Okavango basin.
Approximately 21 km from the southern tip the trace heights increases first
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abruptly to ~30m, and then steadily up to 141 m at the northern most tip of the
fault where it appears to end near the Zambezi River drainage. This fault scarp
records variable amounts of degradation along most of the trace, and locally
distinct terraces can be observed in the SRTM data and confirmed in the field,
suggesting a more complicated geomorphic history for this fault that may involve
changes in the local base level (see Podgorsky et al., 2013) or distinct periods of
uplift along the fault.
4.1.3 Composite Fault Trace Profile
4.1.3.1

Kunyere Fault. The Kunyere fault breaks the surface on the

southeast side just within the basin (Fig. 1c). The H’-L’ profile for the Kunyere
fault is best represented as a composite profile, consisting of an asymmetric
parabolic profile along the southwestern portion of the fault (i.e., ~0 to 150 km)
and a linear profile with a low and constant fault trace height to the north (~150
km to 237 km, see Fig. 4g). The asymmetric parabolic portion of the fault scarp
trace is complicated by structural control along the western end by east-west
basement fabrics and along the eastern end by degradation due to sedimentation
(Fig. 1c, 4g). The scarp is obvious along the southwestern portion of the ORZ (0
to ~143 km) where it defines the limit between exposed basement rocks of the
Ghanzi Group and younger basin sediments associated with the Ngami subbasin (Fig. 1c). The maximum trace height of 58 m is achieved in two places
along the trace of the fault; one at ~25 km and again at 95 km heading from
south to north along the fault trace (Fig. 4g). The topographic low between the
maxima along this portion of the fault scarp coincides with a drainage channel
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that feeds into the Ngami sub-basin. From approximately 143 km to 238 km the
H’-L’ profile of the Kunyere fault trace is linear and subdued with trace heights
less than 20 m. This portion of the Kunyere fault extends into the ORZ basin
where the Okavango Delta abuts against the southeastern edge of the rift (see
Figs. 1c and 4g).
5.

Discussion

5.1. Maximum trace length (L’) – maximum trace height (H’) and maximum
length (L) –maximum displacement (D) of the ORZ faults. Relation with fault
growth.

Maximum fault displacement (D) – maximum fault length (L) of normal faults
is commonly displayed in Log D – Log L diagrams (e.g., Walsh et al., 2003). The
actual D and L of a fault is difficult at best to determine, leading researchers to
employ H’ as a proxy for Dmax and L’ as a proxy for L when investigating
relationships among D and L as related to fault growth mechanisms (Walsh et al.,
2003; Kim and Sanderson, 2005 and references therein) even though these
values are recognized to be less than Dmax and L. We employ this same
convention of using H’ and L’ as proxies for Dmax and L to facilitate comparisons
between ORZ faults and other published data sets for normal faults. We
recognize and discuss processes that can affect H’ and L’ in an evolving nascent
rift an the implications these effects may have for interpretation of fault growth
mechanisms based upon fault characteristics in in Log D – Log L diagrams.
Normal faults typically exhibit a positive linear covariation of maximum fault
displacement (D) – maximum fault length (L) in Log D – Log L diagrams (for a
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review see Kim and Sanderson, 2005).This relation defines a Dmax/L ratio with a
field between 10-3 and 10-1 for typical normal faults (Fig. 7a). This scaling
relationship has been interpreted to suggest that faults grow incrementally increasing in both length and displacement with each successive slip event
(Walsh and Watterson, 1987; Peacock and Sanderson, 1991, 1996; Cowie and
Scholz, 1992a, b; Bürman et al., 1994; Cartwright et al., 1995; Kim et al., 2000).
These slip events take place initially along multiple individual fault segments.
With time these segments grow in length (as well as in displacement) and
eventually link together to form a continuous fault system (Segall and Pollard,
1980; Ellis and Dunlap, 1988; Walsh and Watterson, 1989; Peacock and
Sanderson, 1991; Trudgill and Cartwright, 1994; Cartwright et al., 1995; Childs et
al., 1995; Dawers and Anders, 1995; Kim et al., 2000; Mansfield and Cartwright,
2001; Walsh et al., 2003; Kim and Sanderson, 2005; Hus et al., 2006). The
formation of mature fault systems through the process of linking together smaller
fault segments which behave a well-defined scaling relationship for fault
displacement and fault length can explain why mature fault systems plot further
along this linear trend (see Fig. 7a).
Fig. 7b is an enlargement showing the Dmax/L relationships for individual
normal faults of the ORZ as determined by this study from SRTM data. In
addition, the Dmax/L of individual ORZ normal faults determined from
geophysical studies

(see Kinabo et al., 2008 for a discussion) is plotted

for

comparison. In the geophysical data set, the throw on the basement serves as a
proxy for Dmax. For ORZ normal faults, with the exception of the Gumare and
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Figure 7. (a) Log-log plot of maximum displacement (D) against length (L) for normal faults
(modified from Kim and Sanderson, 2005). (b) Field of normal faults of the ORZ, showing D-L
dimensions determined from SRTM (this study), and geophysical methods (Kinabo et al., 2008).
ORZ faults are above the “Earthquakes” reference line (Walsh et al., 2002), and below the fitting
line for normal faults. M – Mababe fault, C – Chobe fault, K – Kunyere fault, G – Gumare fault, Th
– Thamalakane fault, P – Phuti fault, Ly – Linyanti fault. Faults with no topographic expression: N
– Nare fault, L – Lecha fault, T – Tsau fault. Basement length for the Linyanti fault was extracted
from Kinabo et al. (2008) and basement throw was estimated in this work (see discussion).

Phuti faults, the geophysical throw greatly exceeds the corresponding fault trace
height. The Gumare fault shows the unusual characteristic of having the
geophysical throw (~17 m see Kinabo et al., 2007) being considerably less than
the fault trace height (50 m this study). This may reflect the location of where the
geophysical throw was measured along the fault scarp. Kinabo et al. (2007)
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measured the geophysical throw using the top of Karoo Dikes displaced by the
fault. The dike swarm cross-cuts the trace of the fault closer to the northern tip
where H’ is typically <20 m and less than the maximum H’ of 50 m. Given the
asymmetric fault trace height profile for the Gumare fault (see Fig. 4c) we expect
the geophysical throw on the basement measured by Kinabo et al. (2007) of ~17
m is less than the maximum displacement for the fault. The geophysical throw on
the Phuti fault is in good agreement with the fault trace height. Kinabo et al.,
(2008) interpreted this agreement to reflect the recent nature of this fault. For the
other ORZ normal faults Kinabo et al., (2008) explained the discrepancy between
the fault scarp height and geophysical throw to reflect a combination of fault
location, sedimentation, and fault age. For example, the Lecha fault was
suggested to represent an older inactive fault within the middle of the basin
based upon the large geophysical throw on the basement and complete lack of a
surface fault scarp.
The maximum fault displacement (D) – maximum fault length (L) for normal
faults of the ORZ plot well to the right of “typical mature normal faults” in Log D –
Log L diagrams (see Fig. 7a). The longer, rather than shorter, traces of ORZ
faults is in apparent disagreement with the presumably young age (~120,000 to
40,000 y.a.) of this rift (Moore and Larkin, 2001; Ringrose et al., 2005; Gamrod,
2009). Thus, a defining characteristic of ORZ normal faults is their considerably
longer fault lengths at the same value of maximum displacement when compared
with “typical” normal faults. This remains true whether fault trace height or throw
on the basement, as determined from geophysical modeling, is used as a proxy
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for Dmax (Fig. 7b). The characteristically long fault lengths and low maximum
displacements have important implications for fault growth models as discussed
in the following sections with regards to tectonic inheritance of favorably oriented
strength anisotropies in the basement. However, processes that degrade fault
scarp heights and lengths over time will change the Dmax/L characteristics of
individual faults and reposition where they plot in Log D – Log L diagrams. How
these processes have affected the Dmax/L characteristics of ORZ faults are
examined first before implication for growth of normal faults in a continental rift is
discussed.
5.1.1. Processes Affecting Dmax/L Characteristics of ORZ Normal Faults
5.1.1.1.

Fault scarps degraded by stream erosion. All scarp height –

fault length profiles of ORZ normal faults display a general saw-tooth pattern
(Fig. 4). Saw-tooth patterns are commonly interpreted as resulting from fault
segment linkages (Willemse, 1997; Kim and Sanderson, 2005). Kinabo et al.
(2008) interpreted many of the ORZ normal faults as comprised of several
underlapping, ~3 to 8 km long fault segments (e.g., Kunyere, Thamalakane). In
contrast, despite all the surface processes affecting the Kunyere fault scarp, this
fault exhibits a continuous trace along its entire length (Fig. 4g). Our
interpretation of the fault scarp traces differs from that of Kinabo et al., (2008)
who suggested the fault was segmented as a result of our work being based
upon interpretation of SRTM with 30 m. spatial resolution rather than 90 m spatial
resolution as well as newer data processing packages (see Methodology
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section). This enabled us to visualize fault scarp traces with greater resolution
and precision than previous studies.
We interpret the saw-tooth pattern of ORZ normal faults to largely reflect
degradation of the scarp profile by incision of stream drainages, many of which
are ephemeral (e.g., Gumare fault, see Fig. 4c) rather than representing the
location of fault segment linkages. For example, we interpret the Thamalakane
fault trace to be continuous rather than composed of overlapping of right stepping
“en-échelon” fault segments (see Kinabo et al., 2008). The asymmetric parabolic
fault scarp of the Thamalakane fault is transected in several places along its
trace by stream drainages (Fig. 4a). In addition, the Mababe (Fig. 4b), Phuti (Fig.
4d), and Chobe (Fig. 4f) fault scarp profiles all exhibit continuous traces with the
characteristic saw-tooth patterns related to degradation by erosion and to a
lesser extent sedimentation. The Linyanti fault appears to be the one example in
the ORZ of a fault that consists of distinct fault segments (Fig. 4e). These
segments exhibit a combination of hard- and soft-linkages involving touching or
hooking of faults at their tips (Kinabo et al., 2008). Still, the Linyanti fault scarp
has also been degraded and incised by the Kwando and Okavango rivers (Fig.
6). We interpret the continuous, rather than segmented, nature of ORZ normal
faults as an intrinsic characteristic feature of these faults.
5.1.1.2.

Fault scarps affected by sedimentation.

The height and

length of ORZ normal faults scarp traces have been modified by younger
sedimentation. The Lecha, Tsau, and Linyanti faults are located well inside the
rift basin (Kinabo et al., 2007, 2008). Although the Lecha and Tsau faults have
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significant throw on the basement surface (The Lecha fault has a basement
throw range of 56 – 163 m and a length of 200 km and the Tsau fault has a
basement throw of 43 – 130 m and 100 km length), they have no detectable
topographic expression due to burial by alluvial fan sediments of the Okavango
River. Kinabo et al., (2008) used this to suggest these two faults are among the
earliest faults associated with the rift and subsequently became dormant. We
suspect that the low scarp heights of the Linyanti fault could reflect sedimentation
and degradation as a result of its close proximity of the Kwando and Okavango
rivers; however, without a geophysical estimate of the throw on the basement the
extent of this effect is more difficult to constrain. Using the half-graben geometry
and the position of the Linyanti fault within the rift, a throw on the basement
surface of ~150 m is a reasonable estimate. The Linyanti fault would then plot
with the other more mature faults of the ORZ with a Dmax/L of 10-3 but would
still be under displaced when compare with typical normal faults (see Fig. 7).
The Kunyere fault trace also has been modified in places by
sedimentation and in other areas by erosion (discussed in the following section).
Modisi et al., (2000) considered the Kunyere fault as the border fault for the ORZ
based on the length and continuity of the fault scarp and its throw (see table 1).
However, Kinabo, et al., (2008) and Mosley-Bufford et al., (2012) suggest this
fault may be less active based upon a comparison of topographic fault trace
height to throw on the basement and electrical conductivity respectively.

It

shows a composite H-L profile (Fig. 4g), in which the northeastern portion (~ 143
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to 238 km) is affected by sedimentation of the Okavango fan as well as drainage
channels, and the fault scarp is subdued (Fig. 4g).
Sedimentation and erosion has reduced fault trace height, and to a lesser
extent fault trace length, of all the main faults in the ORZ. This modification
displaces the position of these faults in the Log D – Log L diagram (Fig. 7b).
Fault scarps modified by sedimentation will be shifted down and to the left from
their true D-L values and as a result will plot below and/or to the right of the linear
scaling relationship for typical normal faults. For ORZ normal faults maximum
fault trace height (H’) is consistently less than the throw on the basement as
determined from geophysical studies. However, even using the throw on the
basement as a proxy for Dmax, ORZ normal faults in Log D – Log L space still
plot to the right of the “fitting line for normal faults” (D/L~10-2) closer to a D/L
trend of 10-3 or less (Fig. 7). We interpret this to indicate that, even though the
estimated trace height on the faults is less than Dmax, which to some extent is
due to subsequent scarp modifications, we speculate that an intrinsic property of
the ORZ normal faults is that they may have always had considerably longer fault
lengths than “typical normal faults” for the same amount of displacement,
especially considering these faults lack convincing evidence for growth by hardlinkages of shorter fault segments as discussed below.
5.2.

Implications for the Growth of Normal Faults

The continuous nature and the considerably longer fault lengths for a given
amount of displacement are a defining characteristic of the ORZ normal faults.
We interpret these two intrinsic features to be a direct consequence of fault
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growth by 1) exploiting a pronounced and extensive preexisting plane of
weakness in the basement that is appropriately oriented within the current stress
field to be reactivated, and 2) higher pore fluid pressure created by deep fluids
and/or shallower basinal/meteoric fluids reducing the effective stress required for
reactivation. From the onset of faulting associated with continental rifting, these
factors create a positive feedback for promoting the nucleation and growth of
fewer, considerably longer, more continuous normal faults, with lower overall
maximum displacements, that are enveloped by well-developed stress shadows
(Cowie, 1998). The presence of such extensive stress shadows and the
localization of higher pore fluid pressures within the fault zones suppress the
nucleation of new faults throughout the rift. The scarcity of smaller fault segments
associated with the rifting event in turn inhibits fault growth by linking multiple
fault segments together to form mature “typical” normal fault. Aspects of this fault
growth model for ORZ normal faults are discussed in subsequent sections.
5.2.1. The influence of a preexisting well-developed basement fabric
Pre-existing discontinuities (e.g., basement fabrics) influence the location,
geometry, and kinematics of fault systems (Daly et al., 1989; Versfelt and
Rosendahl, 1989; Ring, 1994; Le Turdu et al., 1999; Morley, 1999, 2010; Korme
et al., 2004; Morley et al., 2004; Corti et al., 2007; Aanyu and Koehn, 2011;
Salomon et al., 2015). The orientation of ORZ faults parallel the main NE-SW
trend of the Pan-African orogenic belts – a trend defined by compositional
layering and foliation produced during isoclinal folding associated with these
orogenies. This basement fabric is very prominently displayed in aeromagnetic
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maps generated by Modisi et al., (2000); Kinabo et al., (2007, 2008); and
Leseane et al., (2015). In addition, the fast orientation of shear waves associated
with the ORZ parallels the orientation of the absolute plate motion, the trend of
the major orogenic belts, and the trend of the basement fabric (Yu et al., 2015).
Although the fast direction is thought to reflect fabric within the asthenosphere,
contributions from this pronounced crustal fabric cannot be ruled out. We suggest
geophysical evidence (e.g., shear wave splitting, aeromagnetic, gravity), and
geologic evidence (e.g., structural mapping, remote sensing investigations)
indicate the NE-trending structures of the Damara and Ghanzi-Chobe belts,
defined by compositional layering and a pronounced foliation, persist deep into
the lithosphere along the suture zones between the Congo and Kalahari Cratons
that formed during the assembly of the supercontinent Gondwana. The close
agreement in the orientation of ORZ faults and the main NE-SW trend of the
Pan-African orogenic belts, suggest this prominent basement fabric greatly
influenced the location and development of normal faults, and therefore the
incipient stages of development of the ORZ, during crustal extension.
The role of preexisting strength anisotropies in the localization of shear failure
in the crust is well illustrated in the Mohr circle space (Fig. 8). Shear failure
requires the Mohr stress circle to become tangent to, or overlap, the failure
envelope(s) that define the strength of rocks as a function of depth. The strength
of “intact” rock (i.e., rocks without preexisting strength anisotropies) sets the
upper boundary for rock strength in the crust and can be described by a MohrCoulomb’s Law for failure (see line B in Fig. 8). Intact rocks have both tensional
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strength and cohesive strength whereas rocks with preexisting fractures do not,
and are therefore weaker than intact rock. Here we use the cohesion-less friction
failure envelope (µs = 0.85) “Byerlee’s Law” for rocks with preexisting fractures
(see Byerlee, 1978) as an upper strength limit for the ORZ basement rocks (see
line C in Fig. 8). However, the mechanical strength of foliated metamorphic rocks
decreases significantly with increasing modal abundance of biotite as well as with
the orientation of the foliation planes with respect to σ1 (Rawling et al., 2002).
Detailed investigation of the response of foliated basement rocks from the ORZ
to an imposed stress field is unavailable, and in general studies of similar rocks
are sparse. Therefore we use the failure envelope for the Four Mile Gneiss, with
the foliation favorably oriented for reactivation (µs = ~0.25, line E in Fig. 8) and
least favorably oriented (µs = ~0.40, line D in Fig. 8) to bracket the likely lower
strength limit of the basement rocks beneath the ORZ (see Rawling et al., 2002).
Such strength anisotropies will control the development of faults by failing in
shear before intact rock at significantly lower critical shear stress; if the
preexisting fractures or the foliation are favorably oriented with respect to the
principal stress directions (see Fig. 8).
Failure or reactivation in normal shear requires an “Andersonian” state of
extensional stress: σ1 is vertical (i.e., σ1 = σv) and is generated by the lithostatic
load (i.e., σ1 = σv = ρgz). In the middle crust (~10-20 km), σ1 achieves values of
250 to 500 MPa for a rock column with an average density of 2750 kg/m3. The
horizontal stress (σh) will be equal to the minimum principal stress (σ3) and is
comprised of two components; the non-tectonic horizontal stress which is
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generated by uniaxial strain related to the Poisson’s effect and thermal
expansion, and the horizontal tectonic stress generated by far-field tectonic
forces
σh = σh (uniaxial strain) + σh (tectonic stress)

(2)

Values for the non-tectonic component of the horizontal stress as a function of
depth can be estimated from the following equation (Twiss and Moores, 1992):
∆𝜎𝜎𝐻𝐻(max) = ∆𝜎𝜎𝐻𝐻(min) = �

𝑣𝑣

1−𝑣𝑣
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Where:
∆𝜎𝜎𝐻𝐻(max) = change in maximum horizontal normal stress
∆𝜎𝜎𝐻𝐻(min) = change in minimum horizontal normal stress
�

𝑣𝑣

� ∆𝜎𝜎𝑣𝑣 = stress required to counteract the Poisson effect

�

𝐸𝐸

� ∝ ∆𝑇𝑇 = stress required to counteract the thermal effect

1−𝑣𝑣

1−𝑣𝑣

𝑣𝑣 = Poisson’s ratio

𝜎𝜎𝑣𝑣 = vertical stress

𝐸𝐸 = Young’s modulus

∝ = coefficient of thermal expansion
∆𝑇𝑇 = change in temperature

(3)
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For example, at a depth of 15 km σ1 = σv = 404 MPa. The value of σh (uniaxial
strain)

is sensitive to the geothermal gradient (see equation 3); for values for

E = −6.5 × 104 MPa , 𝑣𝑣 = 0.12 and ∝ = 8.5 × 10−6 /°C and a geothermal
gradient of 25°C/Km for a ∆T ~ 375℃, a calculated value of σh (uniaxial strain)= ~327

MPa is estimated. In contrast, utilizing a higher geothermal gradient of

~

38℃/Km for the ORZ (based upon the Curie Point Temperature estimates of
Leseane et al., 2015), the calculated value of σh

(uniaxial strain

= ~468 MPa is

estimated - a result that exceeds the magnitude of the vertical stress. This result
emphasizes the contribution of the horizontal tectonic stress component must be
tensional (i.e., negative) in order to reduce the value σh to be less than σv in
order to establish an “Andersonian” state of extensional stress in which ORZ

Figure 8. Mohr diagram space showing different conditions for rock failure: (A) “Andersonian”
state of extensional stress. (B) Mohr-Coulomb criterion for intact rock. (C) Byerlee’s Law
(frictional sliding) for reactivation of preexisting faults. Failure envelopes for biotite-rich
metamorphic rocks, one with favorable orientation with respect to σ1 (D) , and an envelope least
favorably oriented with respect to σ1 (E) (Rawling, 2002). σ1 is equivalent to lithostatic load in the
middle crust (~10 to 20 km), based on micro-earthquake data (Scholz et al., 1976). The
differential stress is increased by a shift in the position of σ3 due to horizontal rotation produced
by extension.
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normal faults can develop.
At low pore fluid pressures and low tectonic stresses, strength anisotropies in
the ORZ basement structures remain stable, as the Mohr stress circle plots with
a mean stress well to the right of Byrelee’s law and the failure envelope of the
Four Mile Gneiss (see circle A in Fig. 8). In order to reactivate preexisting
basement structures in normal shear, the differential stress must increase by
reducing the value of the least principle stress σ3 = σh (as σ1 = σv remains
constant) until the Mohr stress circle becomes tangent to, or overlaps, the failure
envelopes for cohesion-less rock or foliated biotite gneiss (Fig. 8).
The current stress field within the ORZ is poorly constrained; mainly due to
the lack of seismic events with magnitudes sufficiently large enough to produce
comprehensive fault plane solutions (see Reeves, 1972). Scholz et al., (1976)
performed a micro-earthquake study, in which composite focal mechanisms were
generated from Northern Botswana. In that study, two main active seismic areas
were found, one located at the Maun-Toteng area (Lake Ngami), and another
located at the Mababe depression. In this work we rely in the results for Lake
Ngami (Fig. 9.a), since the nodal planes for the Mababe Depression are poorly
determined. The two main normal nodal planes in this area are oriented ~055/40
and ~225/50 which approximately parallel the azimuth of the major normal faults
(~050), see Fig. 9.b) associated with the ORZ confirming σ1 is vertical and that
the planar weaknesses in the basement are in a highly favorable orientation to be
exploited as normal faults during crustal extension. We suggest that if a
component of the fast direction of the shear wave splitting resides in the
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asthenosphere, and records asthenosphere flow (see Yu et al., 2015) then drag
on the lithosphere may be responsible for producing an intermediate stress σ2
along this direction which is also parallel to the strike of the faults. In turn, the
tectonic component of the minimum horizontal tensional stress results from the
horizontal clockwise rotation of the rigid South African block with respect to the
main African plate (Malservisi et al., 2013).
We suggest that at times in the past, the horizontal tensional stress
associated with periods of increased clockwise rotation of the tectonic plates
results in a significant decrease in σ3 leading to a corresponding increase in the

a

b

Figure 9. (a) Composite focal mechanisms for the Lake Ngami region. Based on a microearthquakes study by Scholz et al., 1976. Smaller circles indicate less certain determinations.
The two focal planes indicate normal faulting with orientations of ~055/40 and ~225/50. (b) Rose
diagram indicating the main orientation of normal faults in the ORZ, with main vector azimuths:
~050-060.

43
differential stress as σv = σ1

remains constant. As the differential stress

increases, shear failure will potentially occur first by development of normal faults
along the most favorably oriented foliation planes in basement rocks, when the
Mohr circle for stress initially becomes tangent to the failure envelope(s) that
define the range in strength for the foliated Four Mile Gneiss (line E in Fig. 8). If
strength anisotropies in the basement are in less favorable orientations for failure
the differential stress can continue to increase. With continued plate rotation, the
Mohr circle for stress has the potential to expand, continuing to overlap a greater
portion of the failure envelope for the Four Mile Gneiss, until even the most
unfavorably oriented foliation planes will fail in normal shear (line D in Fig. 8).
The magnitude of the differential stress required for this to occur, is
approximately the same conditions required for reactivation of favorably
orientated preexisting fractures in normal shear along the failure envelope for
cohesion-less rocks described by Byerlee’s Law (line C in Fig. 8). This analysis,
while illustrative, suggests that at low pore fluid pressures and moderate
confining pressures, normal faults associated with crustal extension and
development of the ORZ are more likely to nucleate and grow along favorably
oriented planar foliations in the basement underlying the ORZ. This may continue
to be the case, as once normal faults form and evolve, a greater differential
stress may be required to reactivate the fault along Byerlee’s Law (depending
upon the extent to which clay minerals may form within the fault rock), than to
initiate a new fault plane along similarly favorably oriented foliation planes within
the basement.
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5.2.2. Pore fluid pressure and effective stress.
Hubbert and Rubey (1959) developed the concept of effective stress to
explain the role of elevated pore fluid pressure in promoting brittle failure within
the crust without requiring large differential stress. The effective stress (σ*) is
determined by subtracting the pore fluid pressure (Pf) from the applied stress:
σ∗ = (σ − Pf )

(4)

In addition, they introduced the fluid pressure ratio (λv), which is the ratio of

the pore fluid pressure to the lithostatic load:
λv =

Pf
Pl

=

Pf

σv

(5)

Where, λv = 0.4 are representative of a hydrostatic fluid pressure regime. The
role of increasing Pf in promoting the formation of normal faults in the ORZ at
lower differential stress conditions is readily visualized in Mohr circle space (Fig.
10). Increasing Pf has the effect of decreasing the mean stress without affecting
the differential stress; the Mohr circle of stress is displaced to the left until it
becomes tangent to, or overlaps, one of the failure envelope(s) resulting in
normal shear failure along a favorably oriented foliation plane (lines B and C in
Fig. 10), or reactivation of a favorably oriented fracture (line A in Fig. 10). Which
of these strength anisotropies in the basement fails first is dependent upon the
magnitude of both the differential stress and the Pf. Preexisting fractures or faults
are likely to be reactivated first at low differential (<<200 MPa) stress and high Pf
(λv ~0.75) as the Mohr circle for stress will overlap the failure envelope for
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Byrelee’s Law due to the absence of cohesive strength (line A in Fig. 10). At
moderate differential stress (>200 MPa) and moderate to low Pf (λv ~0.3), the
Mohr circle for stress will overlap the failure envelope for the Four Mile Gneiss
first and normal faults will initiate on favorably oriented foliation planes before
preexisting fracture surfaces fail (Fig. 10).
We interpret elevated pore fluid pressure as an important factor
contributing to the initiation and growth of ORZ normal faults along strength
anisotropies in the basement at low to moderate differential stress. Potential
sources for these fluids include mantle, basinal brines, and meteoric fluids.
Leseane et al., (2015) using aeromagnetic and gravity data documented the ORZ
as an area of elevated heat flow (60-90 mWm-2) and thinner crust (<30 km). They
interpreted the thermal structure of the ORZ as a result of the rise of hot mantle

Figure 10. Mohr diagram space showing the role of the pore fluid pressure in decreasing the
mean stress required to reactivate preexisting discontinuities under conditions of low differential
stresses. (A) Byerlee’s Law (frictional sliding) for reactivation of preexisting faults. (B-C) Failure
envelopes for biotite-rich metamorphic rocks, one with favorable orientation with respect to σ1 (C) ,
and an envelope least favorably oriented with respect to σ1 (B) (Rawling, 2002).
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fluids, emanating from a wedge of altered lithospheric mantle, along Precambrian
sutures and basement structures. They proposed these mantle fluids weakened
the crust and help to initiate rifting. We suggest that at low to hydrostatic Pf (λv
~0.4) conditions within the middle to upper crust, and moderate differential stress
conditions (>200 MPa) generated by plate rotations, normal fault associated with
the ORZ nucleated first by normal shear failure along favorably oriented strength
anisotropies in the basement defined by foliations in tightly folded metamorphic
rocks.
As the morphology of the ORZ half graben evolved, normal faults along the
southern edge of the ORZ formed a structural barrier against which lacustrine
and fluvio-delatic sediments, and deep brackish saline waters, accumulated
(Campbell et al., 2006). During wetter climate conditions, lakes such as Ngami
and Mababe expand, and in the past even much larger lakes such as paleo lake
Makgadikgadi (Podgorksi et al., 2013) developed above and against these faults.
Magnetotelluric and Electrical Resistivity geophysical anomalies are spatially
associated with several of the ORZ faults which border the depocenters inside
the basin (Mosley-Bufford et al., 2012). These anomalies are interpreted to
represent focused fluid flow of fresh surface water and deeper saline waters
along these faults. If a mantle isotopic signature is not detected in the fluids
emanating from hot springs in the ORZ, than it is possible that both deep
penetrating surface waters and deep basinal brines associated with the rift
sediments are being heated at depth and buoyantly rise along these fault zones.
This serves to locally elevate the pore fluid pressure (in part due to thermal
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expansion) within the fault zone such that these faults are likely to reactivate
even under conditions of low differential stress, as a result of low confining
pressures (i.e., shallow crustal depths) or periods of low horizontal tectonic stress
component, favoring micro-seismic events with greater frequency than large
magnitude earthquakes (e.g. see Mosley-Bufford et al., 2012).
5.3.

Strain hardening and migration

In the four rare occasions where we were able to directly observe fault zones
in the field, they are characterized by the presence of fault zone breccia
comprised of angular blocks of the host rock suspended in a finer grain matrix of
carbonate which we interpret to have precipitated from the pore-fluid, possibly
during the stress-drop associated with faulting (Fig. 11). We interpret the fault
breccia to have formed as a result of brittle failure under the conditions of
elevated pore fluid pressure within the fault zones. The formation of fault breccia
is likely to increase the material strength property of the rock by increasing the
cohesive strength of the fault rock (line C’ in Fig. 12) through hydrothermal
cementation (see Sibson, 2000). In addition, the presence of well cemented fault
breccia will result in a significant decrease in Pf within the fault plane by reducing
the porosity and permeability of the fault rock. These two factors, an increase in
the material strength property of the fault and a localized reduction in Pf within
the fault zone, favors nucleation of new faults along other favorably oriented
foliation planes in the basement rather than reactivation of the existing normal
fault. Mosley-Bufford et al., (2012) distinguished tectonically inactive faults in the
ORZ by the lack of a geophysical anomaly associated with the presence of
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channelized meteoric and/ or basinal fluid flow along the tectonically active faults.
This change in the mechanical strength and hydrologic properties of the faults as
they evolve may contribute to expansion of the rift with time as new border faults
appear to be developing along the edges of the rift as older border faults within
the rift become inactive (see Kinabo et al., 2007, 2008; and Mosley-Bufford et al.,
2012).
5.4.

The Effect of Pf on D/L Profiles in the ORZ Normal Faults

We suggest a combination of both moderate differential stress, brought on by
transient increases in the clockwise rotation of the South African block (e.g., see
Malservisi, et al., 2013), and low to moderate pore fluid pressure (λv ~0.4)

Figure 11. Brittle fault breccia with angular clasts of meta-sediments of the Ghanzi Group
suspended in a finer grained carbonate matrix that was formed as a result of brittle failure under
conditions of high pore fluid pressure. UTM of the location of the picture: 572403 E, 7607292 S.
Additional locations for fault breccia: (572324 E, 7607208 S), (649561 E, 7692126 S), (691498 E,
7734136 S).
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satisfies the criteria for initiating normal shear failure along favorably oriented
foliations within the basement underlying the ORZ. Substantial fluid redistribution
along normal faults, due to the accumulation and sudden release of shear stress
during failure is expected (Sibson, 2000). The increase in σ3 and in the mean
stress immediately following the rupture event leads to a transitory increase in
the Pf within the fault plane (i.e., σ2) This may allow for the generation of a “Pf
wave” emanating outward from the earthquake focal point and travelling along
the strike of the fault plane due to an increase in the sub-horizontal permeability
along σ2. Migration of such of a “Pf wave” will promote continued failure along the
strike of the fault plane as a result of a transitory decrease in effective stress
(Sibson, 2000). This process may be reflected in the asymmetry of the D/L
profiles of many of the ORZ normal faults as well as their intrinsically abnormally
long traces in comparison to the recorded displacement.

Figure 12. Cohesion strength of the ORZ faults by cementation of fault breccia, promoting strain
hardening of fault traces and strain migration to weaker planes. (A-B) Failure envelopes for
biotite-rich metamorphic rocks, one with favorable orientation with respect to 
1 (A) , and an
envelope least favorably oriented with respect to 1(B) (Rawling, 2002). (C) Byerlee’s Law
(frictional sliding) for reactivation of preexisting faults. (C’) Cohesive strengthening by
hydrothermal cementation of fault gouge/breccia (see Sibson, 2000).
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Asymmetric D/L profiles evidence early interaction and linkage between fault
segments (Cowie et al., 2007). When segments recently link, displacement
gradients increase, and faults appear to be “over-displaced”. ORZ normal faults
do not show evidence of segmentation (except for the Linyanti fault). For these
faults, asymmetric D/L profiles are related to maximum displacement closer to
one of the fault tips where the fault initiated with displacement decreasing in the
direction of tip propagation. Migration of a “Pf wave” along the strike of the fault
plane may provide the critical conditions necessary to continue fault propagation
along the strike of the favorably oriented foliation plane in the basement at a
lower differential stress. This serves to promote growth in the length of the fault
(L) without requiring significant displacement (D) or the need to link together
multiple fault segments.
5.5.

The Role of Stress Feed-back in ORZ Fault Growth

Numerical modelling of normal fault rupture in a homogeneous crust
undergoing tectonic extension strongly suggests that the location of normal faults
segments with respect to one another plays a significant role in influencing the
rate at which a fault is active thus favoring the growth of large normal faults
through linking of smaller fault segments (Cowie, 1998). In this model, normal
fault rupture perturbs the surrounding stress field, such that areas along strike of
the active fault undergo a “stress loading” (i.e., a localized increase in stress
above the regional tectonic loading) whereas areas on either side of the fault
undergo “stress reduction”. During progressive deformation, fault segments
located immediately along strike and co-planar to the active fault are favored to
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fail more often as a result of stress loading. In contrast, faults that occur within
the stress shadow of the active fault are more likely to become inactive. This
creates a positive feedback that favors the along strike growth of normal faults
through linkage of individual fault segments that rupture with a higher frequency.
In addition, the model predicts the development of symmetrical parabolic fault
displacement profiles, as segments favorably located within the central region of
the growing normal fault are more frequently stress loaded, which leads to
enhanced displacement rates, than fault segments closer to the fault tips (e.g.,
see Fig. 7 of Cowie, 1998).
We suggest the growth of normal faults in a heterogeneous basement will
differ significantly from normal fault growth in a homogeneous crust (Fig. 13). In a
heterogeneous crust the nucleation of normal faults in the incipient stages of
continental rifting, rather than being randomly distributed, are likely to be
localized along favorably oriented strength anisotropies within the basement such
as biotite-rich planar foliations. The initial fault rupture may be triggered as a
result of increased differential stress due to a reduction in σ3 as a result of plate
rotations. At low Pf, failure along the planar foliation requires a lower differential
stress than reactivating preexisting faults. The stress reduction associated with
this initial fault inhibits failure along adjacent foliation planes., However the stress
loading at the tips of the propagating fault may enhance the along strike failure of
favorably oriented foliation planes leading to the formation of normal fault
ruptures characterized by low displacement and longer fault lengths.
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The formation of an initially long normal fault along preexisting strength
anisotropies in the basement significantly influences the development of other
faults and therefore the continental rift. In addition to creating a larger strain
shadow along the sides of the fault, the newly formed fault exerts a significant
control on the hydrologic fluid circulation in the crust by channelizing fluid flow
along the fault plane. This results in a localized increase in Pf along the fault
plane. The concomitant decrease in σ* places the newly formed fault at a tipping
point where either a transient decreases in σ3, as a result of episodic increases in
plate rotations or higher λv during wetter climates, results in reactivation of the
fault in normal shear (Figs. 12, 13). Rupture under these conditions can initiate
migration of a “Pf wave” along the strike of the fault plane inducing propagation of
the fault along the strike of the favorably oriented foliation plane at a low
differential stress (Figs. 12, 13). This process may be reflected in the
development of asymmetric fault displacement profiles where fault displacement
is greatest in the region where the rupture is triggered and wanes along strike
where fault propagations is promoted at lower differential stress by a transitory
increase in σ* that migrates along the strike of the fault (Fig. 13). Transport of
meteoric waters and basinal brines along these fault zones during the interseismic period may contribute to cohesive strengthening of the fault zone by as
much as 35 MPa by cementing together gouge particles and/or the deposition of
minerals within fault zone from a reactive pore fluid (Tenthorey and cox, 2006).
Such a process may explain how older faults are abandoned in favor of
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nucleation of new faults along favorably oriented planar weaknesses in the
basement allowing the rift to widen with time (Figs. 12, 13).
6.

Conclusions
Normal faults associated with the very young (120,000 -40,000 y.a.) ORZ are,

by association, also interpreted to be in the earlier stages of normal fault
development. ORZ normal faults are intrinsically characterized by longer fault
traces (L’) while remaining “under-displaced” (lower H’) in comparison to more
typical and more “mature” normal faults from other continental rift environments
(e.g., Nicol et al., 2010). Even after accounting for modification of L and/or H by
surface processes, ORZ faults plot near or between the D/L trend lines of 10-3
and 10-4 whereas typical normal faults plot along a trend line just above 10-2 in
Log D – Log L space (Fig. 7). In addition, ORZ faults typically exhibit more
continuous fault traces. We interpret this to suggest that rather than growing in
length by hard linkage of shorter discrete fault segments ORZ faults are likely to
have achieved their maximum fault length very early in their history.
We suggest that those preexisting mechanical strength anisotropies in the
crust which are favorably oriented with respect to the regional stress field greatly
influence the nucleation and growth of normal faults and therefore the localization
of the surface expression of continental crustal extension in the form of a rift
basin. The presence of mechanical strength anisotropies favors a variation of the
Radial Propagation model for normal fault growth proposed by Walsh et al.
(2002) in which faults achieve their maximum length early in their history and
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Figure 13. Schematic diagrams showing the simplified processes involved in the formation and
geometry of the normal faults of the ORZ .

subsequently grow through cumulative increases in displacement without
significant increases in length. The influence of basement anisotropies on fault
nucleation, strain localization, and subsequently fluid migration, suppressed the
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process of normal faults to growth by segment linking through the nucleation of
fewer longer faults along regional strength anisotropies in the basement at lower
shear stress. The formation of long active faults controls fluid migration in the
crust resulting in elevated Pf within the fault zone. This further enhances the
likelihood for continued slip along the fault, as it has a greater potential to fail at
lower mean and differential stress conditions than those required to nucleate new
faults. In addition, subsequent low displacement slip events along a portion of the
fault may significantly extend the fault length by triggering migration of a “Pf
wave” that initiates a minor displacement event that propagates along the strike
of the fault plane. We suggest that, for active faults, this positive feedback
mechanism between favorably oriented strength anisotropies in the basement,
fluid migration in the crust, and development of initially larger stress shadows,
promotes development of fewer, more widely spaced, faults characterized by low
D/L ratios early in the rift history. We suggest that normal fault growth by
segment linking, although not excluded from playing a role in normal fault growth
in environments similar to the ORZ, may be the more important process (i.e., in
comparison to radial propagation) in continental crust that is more homogeneous
in nature or where mechanical strength anisotropies are not favorably oriented
with respect to the regional stress field.
In addition to controlling the location of the surface expression of strain, the
presence of mechanical strength anisotropies continues to influence the early
stages of rift development – particularly the emergence of a “master” or “border”
fault to the rift. We suggest that localization of fluid movement through the crust
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along normal faults during extended inter-seismic periods eventually leads to
fault hardening through an increase in the cohesive strength of the fault zone by
deposition of minerals that bind the fault rocks together into a mechanically
strong cataclasite. Such “hardened faults” require a significantly greater shear
stress to reactivate in normal failure than cohesive-less faults which will continue
to obey Byerlee’s law. In addition, we speculate that the role of elevated Pf is also
significantly lessened as porosity and permeability become greatly reduced once
the fault becomes “hardened”. We suggest that once ORZ rift-related normal
faults become mineralized by circulating fluids and “hardened”, they are
abandoned as new faults will nucleate along favorably oriented mechanical
strength anisotropies in the basement at lower shear stress. These new faults will
then follow similar stages of development (previously described) as they begin to
influence fluid migration in the crust. In this way, the ORZ continues to grow in
width as older faults with greater cumulative displacement near the interior of the
rift, such as the Kunyere become inactive and younger faults such as the
Thamalakane begin to take up the strain associated with continued crustal
extension.
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II. THE ROLE OF FLUID-ENHANCED TECTONIC INHERITANCE IN
CONTINENTAL RIFTING

Angelica Alvarez Naranjo, John P. Hogan, and Kevin Mickus

Abstract
Integrated geophysical, remote sensing, and field investigations of the NEtrending Okavango Rift Zone (ORZ), Botswana indicate that a feedback between
optimum-oriented basement structures and fluid flow can influence the nucleation
and growth of continental rifts. The ORZ, the youngest rift of the East African Rift
System, occurs within a Proterozoic inter-cratonic suture zone - the NE-trending
Precambrian

Damara/Ghanzi-Chobe

orogenic

belts.

The

Pleistocene

to

Holocene ORZ forms a ~450 km long and ~100 km wide half-graben bounded by
NE-trending normal faults. Basement units within the Damara/Ghanzi-Chobe
orogenic belts exhibit a well-developed NE-trending linear fabric (045-065)
defined by parallel limbs of tight folds. The Tsau – Chobe fault system nucleated
along the Proterozoic tectonic sutures defining the location of the embryonic
ORZ. The initial length of the rift was established first by the Tsau-Chobe masterborder fault as ORZ faults have abnormally low D/L relationships as a result of
failure along favorably oriented basement fabrics under conditions of elevated
pore fluid pressure. Percolation of fluids in faults zones during transient periods
of tectonic quiescence leads to “fault-hardening” by increasing the cohesive
strength of faults through cementation. Mechanically stronger fault zones are
abandoned and new faults formed by reactivation of mechanically weaker planar
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strength anisotropies in the Ghanzi-Chobe basement. This cycle of nucleation of
a new fault, followed by fault-hardening, then abandonment was repeated and
resulted in the second stage of rift development; the widening of the ORZ in a
southeast direction into the Ghanzi-Chobe belt.

1. Introduction
The relationship between pre-existing mechanical weaknesses and strain
localization in the upper crust is essential to understanding how normal faults
nucleate and evolve during the nascent stages of continental rifting. This
relationship, commonly referred to as “tectonic inheritance”, has long attracted
the attention of geoscientists - especially for normal faults systems associated
with continental rifting (Daly et al., 1989; Versfelt and Rosendahl, 1989; Ring et
al., 1992; Ring, 1994; Le Turdu et al., 1999; Morley, 1999, 2010; Korme et al.,
2004; Morley et al., 2004; Corti et al., 2007; Aanyu and Koehn, 2011;
Katumwehe et al., 2015; Lao-Davila et al., 2015). Some of these works focus on
the relationship between basement fabrics and regional scale structures as
transcontinental shear zones (Daly et al., 1989), or delimit zones between
cratons and mobile belts (Versfelt and Rosendahl, 1989). Some other works
focus on rift systems with associated volcanism (Kenya Rift - Le Turdu et al.,
1999; Korme et al., 2004; Aanyu and Koehn, 2011); or study continental
inheritance in amagmatic, but more developed, rift systems (Ring et al., 1992;
Ring, 1994; Morley, 1999, 2010; Katumwehe et al., 2015; Lao-Davila et al.,
2015). These studies, having focused on well-established normal fault systems,
many of which are clearly defined as master border faults, are more pertinent to
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understanding processes related to the advanced stages of growth of continental
rifts. Extending the results of studies of more mature rifts to constrain the
incipient stages of continental rifting is considerably hampered by sedimentation,
erosion, and volcanism; all of which commonly obscure the earliest stages of
normal fault development.
The Okavango Rift Zone (ORZ) is the youngest active rift zone within of the East
African Rift System (EARS) (Fig. 1). Main manifestations of the ORZ are: a
subdued, but well defined, topographic graben with associated seismicity, all of
which is focused along normal faults (Reeves, 1972; Scholz et al., 1976), a
“migrating” master border fault (Modisi et al., 2000; Kinabo et al., 2008; Shemang
and Molwalefhe, 2009; Mosley-Bufford et al., 2012), absence of shallow or
surficial igneous activity, even when high heat flow values have been
documented inside the basin (Leseane et al., 2015). Thus, the ORZ provides one
of the best opportunities to investigate the role of tectonic inheritance in the
nucleation and evolution of normal fault systems during the nascent stages of
continental rifting.
In this study we define and analyze the main structural characteristics of the
geological units that make part of the Pan-African orogenic belts associated with
the normal faults of the Okavango Rift Zone. In order to define the main structural
trends of the basement rocks, due to the scarcity of basement exposures, we
integrate three different approaches: remote sensing (GeoEye, Landsat, SRTM),
aeromagnetic maps, and field work (analysis of existing geologic maps, our own
field measurements and observations). Aeromagnetic maps show three different
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Figure 1. (a) Generalized map of the EARS showing the main features of the main four

branches, modified from Shemang and Molwalefhe (2009). (b) Southwestern Branch modified
from the NASA Shuttle Radar Topography Mission (SRTM). (c) Structural map of the ORZ,
showing well stablished fault traces in white (CF - Chobe Fault, GF - Gumare Fault, KF - Kunyere
Fault, LyF - Linyanti Fault, MF - Mababe Fault, PF - Phuti Fault, ThF - Thamalakane Fault); and
less stablished fault traces in red (previously recognized by Modie, 1996; Modisi, 2000; MosleyBufford et al., 2012), or recognized in this study.

structural domains affected by the ORZ normal faults: a) Ghanzi – Chobe Belt, b)
Roibok Complex, and c) Kwando Complex. We then examine how these
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characteristics influence rift initiation and the subsequent migration of the strain
as the graben develops.
While many authors have suggested an important role for tectonic inheritance,
based upon a close correspondence between the orientation of major normal
faults and structural grain examples, we present a model that describes the role
of fluid assisted tectonic inheritance in which fluids and optimally oriented
strength anisotropies in the basement are proposed to have a significant
influence on a repeating cycle of nucleation, growth, and abandonment of
master-border faults as continental rifting progresses. We suggest that the
embryonic master border faults (Tsau – Chobe) initiated by reactivating a
prominent, favorably oriented, tectonic suture between the Ghanzi – Chobe Belt
and the Roibok and Kwando Complexes. This boundary may represent an
important discontinuity, extending though the extension of the lithosphere, to the
depth of the brittle – ductile transition. After achieving most of its initial length,
widening of the ORZ occurs in a SE direction, through the cyclic process of fluid
assisted tectonic inheritance faulting. Although other continental rifts may
develop differently, we suggest that the presence of well-developed tectonic
structures in the basement greatly influenced development of the Okavango Rift
Zone – from the initial location to the lengthening and widening of the graben as
continental rifting continues because of the cyclic feedback between fluid
migration and optimally oriented strength anisotropies within the regional tectonic
stress field.
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2. Geologic Setting
2.1. The East African Rift System
The Okavango Rift Zone (ORZ) is part of the East African System (EARS) (Fig
1.a). The EARS is subdivided into 4 branches: the main eastern branch, the
southeastern branch, the main western branch, and the southwestern branch.
The main eastern branch extends south for a distance of ~2200 km; from the
Afar triangle in the North to the basins of the North-Tanzanian divergence
(Chorowicz, 2005). The southeastern branch is located between the Tanzanian
divergence to the West and the Davis ridge to the East and the undersea, Nstriking, basins parallel the continental margin (Chorowicz, 2005). The main
western branch extends from Lake Albert in the north to Dombe in Mozambique
(Kampunzu, 1998), for a distance of ~2100 km. The southwestern branch (Fig.
1.b), a subsidiary of the main western branch is the youngest segment of the
EARS (<15 Ma) (Fairhead and Girdler, 1969; Reeves, 1972; Girdler, 1975;
Scholz et al., 1976; Chapman and Pollack, 1977; Ballard et al., 1987; Sebagenzi
et al., 1993; Modisi, 2000; Modisi; et al., 2000; Kinabo, 2007, 2008; MosleyBufford et al., 2012). It consists of seven asymmetric basins, all with half-graben
geometry, connected by transfer or accommodation zones (Rosendahl, 1987;
Ebinger, 1989). The basins of the southwestern branch include: Luangwa,
Luano, Mweru, Lukusashi, Upemba, Kariba, and Okavango (Kinabo, et al.,
2007). These individual basins, on average are 100 km long and 40 – 80 km
wide. They extend for ~1700 km in a southwestern direction, from just west of
Lake Tanganyika to the western limit of the ORZ, and define a northeast-
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southwest trending extensional crustal province (Modisi et al., 2000). The ORZ
(Fig 1.c), represents the southwestern-most tip of the southwestern branch of the
EARS (Modisi et al., 2000).
2.2. Pan-African orogenic belts
Pan-African age basement fabrics are believed to have played a significant role
in the location and development of the ORZ (Modisi, 2000; Modisi et al., 2000).
The ORZ is underlain by the Pan-African Damara and Ghanzi – Chobe orogenic
belts (Fig. 2a). The Damara belt is an intra-continental belt that originally linked
the belts connecting South America and southern Africa with the Zambezi and
Lufilian belts. This belt formed during the closure of the Khomas Ocean, as a
result of the collision and suturing between the Congo and Kalahari cratons
during the assembly of the Gondwana supercontinent around ~650-450 Ma
(Hanson, 2003). The Damara belt has been better studied in Namibia due to
more extensive exposures, where it is classified as an asymmetric, doubly
vergent orogen bounded by fault- and shear-zones of varying structural styles
(Gray et al., 2008). These zones, from NW to SE are as follows: Northern
Foreland, Northern Zone, Central Zone, Southern (Khomas) Zone, Southern
(Margin) Zone, and Southern Foreland. Correlations between the different lithotectonic units of the Damara belt are problematic due to sparse exposure of the
basement rocks in northwest Botswana and eastern Namibia. In this area,
regional correlations and descriptions of the different lithological units rely mainly
on airbone geophysical data, drill hole, and scarce outcrop descriptions.
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Figure 2. (a) Major litho-tectonic units divided in crustal age domains in southern Africa. Archean

units: Congo Craton, Kaapwaal Craton, Zimbabwe Craton. Paleoproterozoic units: BB Bangweleu Block (Archean ages at deeper crustal levels), KhB - Kheis Belt, LB - Limpopo Belt,
MB - Magondi Belt, UB - Ubendian Belt. Paleo - Mesoproterozoic units: RP - Rehobot Province.
Mesoproterozoic units: CKB - Choma - Kalomo Block, IB - Irumide Belt, KB - Kibaran Belt, NaqB Namaqua Belt, NB - Natal Belt. Meso - Neoproterozoic units: GCB - Ghanzi - Chobe Belt and
equivalent units in Namibia. Neoproterozoic units: DB - Damara Belt, GB - Gariep Belt, KaB:
Kaoko Belt, LA - Lufilian Arch, MoB - Mozambique Belt, ZB - Zambezi Belt. Paleozoic units: CfB Cape Fold Belt. Modified after Key & Ayres [2000]; Modie [2000]; Hanson [2003]; Singletary et al.
[2003]; Begg et al. [2009]; Hanson et al. [2004, 2011]; Miensopust [2011]; Miller [2012]; Leseane
et al. [2015]. (b) Precambrian geology of Botswana. Archean units: Congo Craton, Zimbabwe
Craton. Paleoproterozoic units: KhB - Kheis Belt, LB - Limpopo Belt, MB - Magondi Belt, QC –
Quangwadum Complex. Mesoproterozoic units: KwC – Kwando Complex, TC – Tshane
Complex, XC – Xade Complex, KF – Kgwebe Formation. Meso - Neoproterozoic units: GCB Ghanzi - Chobe Belt and equivalent units in Namibia. Neoproterozoic units: RC – Roibok
Complex, KG – Koanaka Group, AH – Aha Hills Group, TH: Tsodillo Hills Group, XG – Xaudum
Group. Undefined Age: CC – Chihabadum Complex. Units obscured by younger strata: PB Passarge basin, NB – Nosop Basin. Modified after Singletary et al. [2003].

Carney

et

al.

(1994)

sub-divided

northern

Botswana

into

three

geophysical/geological domains, the Ghanzi-Chobe, Okavango, and Shakawe
zones and correlated them with the Damara Belt zones defined in Namibia The
Ghanzi Chobe Zone is correlated with the Southern Foreland, the Okavango
Zone to both the Southern Zone and the Okahandja Lineament Zone, and the
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Shawake Zone is correlated to both the Northern Platform and the Northern Zone
of the Damara Belt in Namibia (Carney et al., 1994). Rankin et al. (2015)
focusing on the Namibia-Botswana border region modified the correlations of
Carney et al. (1994) using new data from both surface and subsurface geology
(e.g., drill cores, geophysical data). Their correlation transcends the Namibia
Botswana border and shows a continuous map of the litho-tectonic units within
the Damara Belt for both countries. In this compilation the Ghanzi-Chobe Zone is
correlated with the Exposed Rehoboth Sub-province, the Okavango Zone is
correlated to the Northern Central and Southern zones of Namibia, and the
Shakawe Zone is correlated with the Northern Platform.
2.3. Ghanzi-Chobe orogenic belt
Basement rocks outcrop sparsely around the ORZ, and the best surface
exposures are within the Ghanzi Ridge (Fig. 3), corresponding to a relatively
elevated area located at the southern edge of the ORZ. Faults affect mainly
rocks of the Ghanzi - Chobe orogenic belt. Two main units compose this
orogenic belt in NW Botswana: The Ghanzi Group and the Kgwebe formation
(Fig. 2b). The Mesoproterozoic Kgwebe formation is comprised of rhyolites with
post-orogenic “within-plate” trace-element signatures (Singletary et al., 2003).
The Mesoproterozoic Ghanzi Group is formed mainly of clastic and carbonate
rocks overlying the Kgwebe formation (Singletary et al., 2003). The Kgwebe
formation and the Ghanzi Group form what is called the Northwest Botswana Rift
– an older Proterozoic structure (Key and Mapeo, 1999). These units correspond
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to the lower part of the rift fill that was metamorphosed to lower greenschist
facies during Pan-African orogenesis (Singletary et al., 2003).

Figure 3. Main physiographic features of the Okavango Rift Zone and surroundings. The Ghanzi

Ridge, located to the southeastern of the ORZ is the main basement exposure of the GhanziChobe Belt in northern Botswana. Inset: stereographic representation of outcrops of the Kgwebe
Formation in northern Botswana, close to the Mababe Depression. The basement exhibits a welldeveloped sub-vertical. N-NW/S-SE cleavage.

The Ghanzi - Chobe belt has a prominent northeast-southwest regional fabric,
characterized by northeasterly tight folds, fold axial surfaces, and faults readily
imagined in aeromagnetic maps (Modisi, 2000; Modisi; et al., 2000; Kinabo,
2007, 2008; Shemang and Molwalefhe, 2009; Lehmann et al., 2015; Leseane et
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al., 2015). The axial traces of the isoclinal folds in the belt can be traced over
distances of 10 to 50 km; they are spaced 2 to 8 km apart, plunging 0° to 15°
degrees either to the northeast or southwest (Schwartz et al., 1995).
2.4. Okavango Rift Zone
The ORZ forms a 400 km long and 150 km wide NE-striking, asymmetrical, halfgraben (Mosley-Bufford et al., 2012). The NE-striking normal faults follow the
main trend of the basement orogenic Damara and Ghanzi-Chobe belts (Modisi,
2000; Modisi et al., 2000; Kinabo et al., 2007, 2008; Shemang and Molwalefhe,
2009; Mosley-Bufford et al., 2012, Leseane et al., 2015). The main boundary
faults are developing on the southeastern side of the half-graben. Here NEdipping faults represent the main geomorphologic feature separating the ORZ
structural depression from the Ghanzi Ridge to the SE (Figs. 1c and 3). Within
the Ghanzi Ridge are three small grabens that parallel the ORZ trend, the largest
of which is a maximum of ~ 15 km wide and ~ 50 km long. These grabens have
previously associated with Karoo age rifting (Modie, 1996) on the basis that they
preserve Karoo Supergroup sediments and basalts in the down dropped hanging
wall. These grabens strike nearly perpendicular to the main trend of the 179 Ma
Okavango Dike Swarm (the dike swarm is unrelated to the formation of the ORZ)
that was intruded during rifting associated with the breakup of Gondwana (Le
Gall et al., 2005). If these small grabens are associated with Karoo Rifting and
Gondwana breakup then their discordance with the prominent NW-SE striking
dike swarm would imply a sudden and major reorientation of the regional
principal tectonic stresses. Alternatively, we suggest that these smaller grabens,
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which are concordant to the main trend of the ORZ, are related to the same
rifting event that produced the ORZ. The preservation of Karoo Supergroup rocks
in the down-dropped block is still consistent with a younger age for these
grabens, especially inconsideration that the presence of similar Karoo
Supergroup rocks in the Ghanzi Ridge (footwall) has been suggested on the
basis of geophysical data but poorly constrained because of insufficient exposure
and extensive coverage of younger Kalahari sediments (see Modie, 1996).
The basaltic-doleritic Okavango Dyke Swarm is a prominent feature of the
basement in aeromagnetic maps (Fig. 4). The dikes have an average azimuth of
110° in the ORZ area (Le Gall et al., 2005). The Okavango Dyke Swarm is
considered to be related to the west-northwest trending, early Jurassic (~179 Ma)
Karoo Dyke Swarm. Karoo dykes are interpreted to coincide with the break-up of
Gondwana during the opening of the South Atlantic Ocean (Reeves, 2000).
Based on analysis of aeromagnetic data, NE-trending faults related to continental
rifting displace the Okavango Dyke Swarm and provide the best evidence for
constraining the normal dip-slip displacement along faults associated with the
ORZ (Kinabo et al., 2008).
A precise age for initiation of ORZ rifting remains elusive, however several paleoenvironmental reconstructions constrain initiation of rifting to between 120 Ka
and 40 Ka (Moore and Larkin, 2001; Ringrose et al., 2005; Gamrod, 2009).
Recent seismic activity demonstrates that the ORZ is a tectonically active system
(Reeves, 1972; Scholz et al., 1976). The Okavango depression is filled with
sediments derived from several stages of landscape evolution in the Kalahari
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depression, representing from bottom to top: (a) fan deposits of the paleoOkavango megafan, (b) lacustrine deposits of the paleo-Lake Makgadikgadi, (c)
intercalations of fan, lacustrine and fluvial deposits, (d) Duricrust material, and (e)
Deposits of the Okavango fan (Podgorski, et al., 2013). The trapping of these
sediments, and the consequent water infiltration during the different stages of
sedimentation in the ORZ depression promote an increase of fluid pressure at
depth as evidenced by high conductivity values along some of the fault traces in
the SE side of the basin (Mosley-Bufford, et al., 2012), and also by elevated
Curie depths in the rocks of the basement below the sediments, possibly
indicating deep meteoric hot water rising up along basement fabrics (Leseane et
al., 2015).

3. Methods
The main structural and geometric elements of the basement rocks (mainly
folded planar foliations) around the ORZ were analyzed by creating structural
domain maps for different data sets (i.e., remote sensing, geophysical, field
studies) at different scales (ranges between 1:200 to 1:6500). Due to the
extensive coverage of the basement rocks by Karoo Supergroup (volcanic and
sedimentary units), and Kalahari Group (calcrete and loose sediments), we
utilized variation in intensity and textural patterns of airbone magnetic data to
create a regional structural domain map. For the Ghanzi-Chobe Belt, we
constructed four structural domain maps based upon published geological maps
which we compiled, digitized, and analyzed, augmented by interpretation of
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remote sensing data (i.e., GeoEye imagery and SRTM data), and our field
observations and structural measurements.
3.1. Airbone Magnetics
The aeromagnetic data used in this study were acquired in 1996 by the
Geological Survey of Botswana at a flight altitude of ~80 m along N-S lines with
line spacing of 250 m and E-W tie lines with 1.25 km separation. The
international geomagnetic reference field (IGRF) was removed from the dataset.
The data were provided as a uniform grid with a cell size of 62.¬5m that was
gridded using a minimum curvature technique. Instead of showing the
aeromagnetic anomaly maps, we used the method of Katumwehe, et al. (2015),
who used a ternary diagram composed of the reduced to the pole (RTP)
magnetic data, vertical derivative of the RTP data, and analytic signal of the RTP
data as a red-green-blue (RGB) composite map (Fig. 4.a). Katumwehe et al.
(2015) showed that these combinations are more useful in interpreting the
magnetic signature of upper crustal anomalies than the normal magnetic intensity
map.
The aeromagnetic data can be used to investigate the nature of the Precambrian
geology in northern Botswana (e.g., see Modisi et al., 2000; Carney et al., 1994).
There are several methods available to enhance anomalies due to upper crustal
features including wavelength filtering, psuedogravity, and edge enhancement
methods. The magnetic field of northern Botswana is dominated by short
wavelength linear and circular anomalies. Thus we apply edge enhancement
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techniques including horizontal, vertical, and tilt derivatives (Blakely and
Simpson, 1986; Verduzco et al., 2004). The edges of the magnetic susceptibility
contrasts are shown by high positive amplitude anomalies and the use of these
techniques provides a first-order geological interpretation - but one must
remember that the results can be contaminated by nearby sources (Grauch and
Cordell, 1987). To use the derivative methods, we first reduced the aeromagnetic
data to the north magnetic pole to remove the dipolar effect of magnetic
anomalies. We subdivided the study areas into five regions to analyze in greater
detail the larger scale anomalies due to Precambrian basement structures, and
then the five areas were merged in single maps for publication. In each region we
constructed a horizontal (Fig. 4b) and a tilt derivative map (Fig. 4c). We found
that while both techniques highlighted numerous linear anomalies, the tilt
derivative maps produced more interpretable results. Verduzco et al. (2004)
showed that the tilt derivative has the ability to normalize the magnetic field
image and is able to resolve between noise and signal. In order to illustrate the
trends in the tilt derivative maps, we used the technique of Blakley and Simpson
(1986) where the maximum gradient of the derivative is determined and its
location is plotted as a point on a map. Trends of these points most likely
represent the edges of lateral magnetic susceptibility contrasts and possibly
lateral changes in lithology. Figure 4d shows the location of the maximum
horizontal magnetic gradients.
3.2. Remote Sensing
Two main datasets were used in order to create lineament maps of the ORZ,
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Figure 4. Aeromagnetic maps of the basement of the Okavango Rift Zone. (a) Ternary Map. (b)

Horizontal derivative map. (c) Tilt derivative map. (d) Maximum horizontal magnetic gradients
map.

GeoEye and Shuttle Radar Topography Mission (SRTM). GeoEye images, which
are based on multi-spectral Landsat datasets, were extracted directly from the
Google Earth site. GeoEye provides high resolution imagery of areas that are
exposed or partially covered by Kalahari beds and commonly reveals basement
structures that are obscured or too subtle to recognize in the field. Multiple
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GeoEye images of areas where lineaments are evident, continuous, or show
important structural elements (e.g., fold noses or truncations related to faulting)
were used to create lineament maps and target potential areas for field
investigation.
3.3. Digitization and compilation of geological maps
The Geological Survey of Botswana provided the available printed geological
maps for northwest Botswana: Quarter Degree Sheets 2022B (Lake Ngami),
2022D with parts of 2022C and 2023C (South Ngamiland), 2122A with parts of
2121B and 2122B (North Ghanziland), 2121D and 2122C (Ghanzi), 2220B
(Kalkfontein), and 2220A (Mamuno); all a scale of 1:125.000. These maps were
digitized and projected using WGS 1984 Geographic Coordinate System, in
order to create a single compiled map for the whole area. The compiled map, the
remote sensing data, and our limited field work were integrated to construct the
resulting structural map.
3.4. Field measurements
Based upon remote sensing data, several key areas were selected for
investigation based on readily observable geological/structural features of
significance (i.e., presence of fold noses, structural truncations, etc. of basement
fabrics). Although well displayed in remote sensing images, many of these
fabrics were obscured in the field by thick bush and extensive sands. We focused
most of our field work on the structural fabrics in the Ghanzi-Chobe belt, due to
the availability of basement exposures. Other areas visited in northwest
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Botswana included the Aha Hills, Tsodillo Hills, and Quangwa Valley, in order to
check the attitude of basement rocks from other parts of the Damara Belt. Within
these areas, structural data and observations were collected on basement rocks.

4. Results
4.1. Aeromagnetic maps
Three main structural domains in the basement were defined using the following
criteria: (1) lithological/tectonic sub-divisions previously proposed by Carney et
al. (1994), Key and Ayres (2000), Singletary et al. (2003), Lehmann et al., (2015),
and Larkin et al., (2015); (2) abrupt changes in geophysical “textural” signature of
the different structural domains (i.e., prominent tightly folded magnetic anomalies
in the Ghanzi-Chobe belt), and (3) the presence of ORZ faults defined by narrow
linear zones of elevated magnetic susceptibility that locally sharply truncated
other magnetic anomalies (e.g., Okavango Dikes). Previous aeromagnetic
basement maps in the area (Lehmann et al., 2015; Larkin et al., 2015), filtered
the Okavango Dike Swarm out of the basement maps, however, we choose to
include the magnetic signature of the dikes as they are critical in the identification
of ORZ faults. The geophysical character of the individual structural domains for
the resulting map (Figs. 4 and 5) is discussed in the following sections.
4.1.1. Structural Domain A – Ghanzi-Chobe Belt
The Ghanzi-Chobe belt domain includes two Precambrian basement units:
volcano-clastic units of the Kgwebe Formation, occurring within the cores of
northeasterly-elongated antiforms (Thomas, 1973 in Carney et al., 1994); and
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meta-sedimentary rocks of the Ghanzi Group. Additionally, the Jurassic Karroo
Super Group (e.g., mafic volcanics and clastic sediments - see Modie, 1996 for a
description) unconformably overlies the Precambrian basement over at least half
of the total area. According to Carney et al. (1994), the Ghanzi-Chobe Zone has
a similar structural style with the southern foreland of the Damara Belt, with folds
verging in a southeast direction. In this domain two different types of magnetic
textures are observed: 1) texture A1 (Figs 4, 5, and 6a) exhibits a very well
defined NE-SW trend of continuous basement structures, suggesting tight to
isoclinal double plunging folds that were deformed several times. Towards the
southeast, the pattern of folding becomes less obvious on the eastern side of the
domain, where the characteristic folded magnetic anomalies fade as the edge of
the Proterozoic Passarge Basin is approached. Towards the southwest, the
tightness of folded magnetic anomalies increases towards the southwestern
edge of the sub-domain. Concomitantly, the influence of Damara thrusting
increases, and the southwestern limit of the domain is defined by a major
Damara thrust zone (Key and Ayres, 2000). Texture A2, a distinct “mottled”
texture (Figs 4, 5, and 6b) corresponds to units of the Karroo Supergroup which
unconformably overly the basement. We did not perform a kinematic analysis to
this sub-domain due to the erratic magnetic signature.
4.1.2. Structural Domain B – Kwando Complex
The Kwando Complex is located to the northwest of the Structural Domain A.
Domain B does not crop out and lithological descriptions are based on airbone
magnetic maps and drill core (see Singletary et al., 2003). This unit is comprised
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of granite gneiss, having an intrusive sharp contact with migmatitic amphibolites,
and biotite-hornblende schist (Singletary et al., 2003). Three different textural
patterns can be observed in this domain: Texture B1 (Figs 4, 5, and 6c) is
located at the SW side of the domain, here the basement structures trend in a
northeastern direction and are defined by relatively thin, short-discontinuous
linear anomalies. Texture B2 (Fig. 6c) is located in the central part of the domain,
northwest of the Okavango Dike swarm, and is characterized by alternation of
long and short, N-NE trending, magnetic lineaments. The Okavango Dike swarm
occurs along the boundary between domains B1 and B2. Textural pattern B3 is
characterized predominantly by short, closely spaced, E-W lineaments, mixed in
with rare, longer, NE-trending magnetic lineaments.
4.1.3. Structural Domain C – Roibok Complex
The Roibok Complex (Figs. 4, 6, and 6d), located to the west of the structural
complexes A and B, defines a highly magnetic, narrow, elongate belt (Reeves,
1978). The Roibok does not crop out in northern Botswana, and its lithological
description is based on core descriptions made by Ludke et al. (1986). The
Roibok complex is comprised of abundant amphibolite and mafic schist
interleaved with felsic gneiss and pelitic schist. The core samples are highly
foliated, with zones of enhanced shear deformation. The foliation dips 45-80
degrees to the southeast and fold axial planes parallel the foliation (Carney et al.,
1994). The textural signature of the Roibok complex is distinct from the other
blocks. This domain is characterized by closely spaced magnetic lineaments,
with azimuths varying from NE along the SW side of the domain, to N-NE at its
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Figure 5. Main tectonic domains defined from aeromagnetic basement maps. Magnetic

lineaments derived from the maximum horizontal magnetic gradients map. Location of the ORZ
faults with respect to these domains.

northern tip (Fig. 4, 5, 6d). Key and Ayres (2000) also described this domain as
being a continuous, strongly magnetic feature, containing multiple imbricate
thrusts. The southern limit of this structural domain, near the Sekaka Shear
Zone, shows a disperse pattern of magnetic lineaments which may correspond to
an “inter-leaved” tectonic block, marking an old tectonic suture.
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Figure 6. Magnetic signatures used to determine differences between structural domains and their

textural characteristics in the Okavango Rift Zone. (a) Characteristic continuous trace of the
Ghanzi-Chobe Belt. (b) “Mottled” texture of Karoo basalts. (c) Discontinuous character of the
magnetic signatures of the Kwando Complex. (d) Imbricate texture of the Roibok Complex.

4.2. Geologic map of basement exposures
In this section we analyze the main structural elements of the Ghanzi-Chobe belt
based upon complied geologic maps, remote sensing, and field work. Figure 3
shows the main physiographic features, structural elements, and bedrock
exposures associated with the ORZ. In order to resolve finer structural detail of

87
the basement fabric within the Ghanzi-Chobe Belt, we subdivided the area into
four areas: 1) Mamuno – Kalkfointein (Fig. 7a), 2) Ghanzi (Fig. 7b), 3) South
Ngamiland (Fig. 7c), and 4) Lake Ngami (Fig. 7d).
4.2.1. Mamuno – Kalkfointein Area
The Mamuno – Kalkfointein region (Fig. 7a) was mapped and described by
Litherland (1982). Basement exposures in this zone correspond to the
sedimentary units of the Precambrian Ghanzi Group. The main structural
elements in this area are NE-trending foliations and folds, conjugate cleavages,
and joint sets. Folds have wavelengths of ~25 km and amplitudes of ~10 km
(Litherland 1982). Stereographic analysis of the foliations and cleavages are
based on the measurements extracted from the published geological maps.
Figure 8a shows that the most prominent basement fabric has a NE-direction, as
confirmed for the poles to planes for bedding (~075/47°) and cleavage
(~254/68°). Fold analysis shows steep limbs (~073/87° and 253/68°), with axial
planes of ~254/88°, plunging very gently (~03°) and trending to the southwest
(~254). Cleavage has several prominent tight populations which may reflect
fanning due to later deformational events.
4.2.2. Ghanzi Area
The Ghanzi area (Fig. 7b) was described and mapped by Modie (1996).
Precambrian basement in the Ghanzi area include the Kgwebe Formation and
(Modie et al., 1996). Stereographic analysis, based upon data from published
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Figure 7. Simplified geological-structural maps of basement exposures of the Ghanzi-Chobe Belt.

(a) Mamuno – Kalkfointein. (b) Ghanzi. (c) South Ngamiland. (d) Lake Ngami.
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Figure 7. (cont.)

the Ghanzi Group. This area records complex deformation as defined by tight
folds at multiple scales with truncated foliations interpreted as “structural breaks”
geological maps and our own measurements, show a prominent NE-trend for the

90
main structures (Fig 7b). In addition, two defined peaks in the π diagrams for
bedding show orientations of ~245/65° and 060/66° and corresponding to the
mean of the limbs of the mesoscopic folds in the area, with axial planes of ~
062/82° and plunging very gently (~05°) in a northeastern direction (~063°).
Cleavage has several prominent tight populations which may reflect fanning due
to later deformational events.
4.2.3. South Ngamiland Area
Modie (1996) based on the work of Huch et al., (1992) characterized this area as
a narrow anticlinorium comprised of a series of regional, tight folds, with strike
lengths of ~60 km and wave lengths of ~10 to 12 km. However, areas to the east
show more open folds with shallow dips of 12° to 30° (Walker, 1973 in Modie,
1996). Modie (1996) explains this change in style due to different fold phase or a
stress reorientation. We consider that this change is style is due to a waning
influence of the Pan-African orogenesis when moving further East from the
tectonic-suture. In addition, rare fold axes in the Kgwebe Hills area show a more
E-W orientation, possibly due to reorientation in proximity to younger fault
displacements (Modie, 1996). Several authors (Reeves, 1978; Hutch et al., 1992;
Schwartz and Akayang, 1994; Modie, 1996; Modisi, 2000) have reported the
reactivation of Pan-African structures during Karroo times.
Stereographic analysis of the Kgwebe Formation and units within the Ghanzi
Group show similar styles of folding suggesting that they were deformed
together. For bedding, poles to planes (Fig. 7c), show a marked NE-trend for
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azimuths, with most of the dips being sub-vertical (∼242/87°), showing tight folds,
with NE-trending, sub-vertical limbs (~062/88° and ~241/88°), and non-plunging
sub-vertical axial planes of ~ 062/88°. The orientation of the cleavage (Fig. 7c),
shows well-defined NE-trends and are very similar in orientation to the bedding
planes. For the Kgwebe Formation, bedding planes exhibit a well-defined NEtrending azimuths with dips between 47° and 90° Fold analysis shows two limbs
with means of 068/77° and 246/88, axial planes with an orientation of 068/77°
and plunging 08° in a southwest direction (246) . Cleavage planes have several
prominent tight populations which may reflect fanning due to later deformational
events.
4.2.4. Lake Ngami Area
This area correspond to a series of rock exposures of the Kgwebe Formation and
the Karroo Supergroup that crop out along the east bank of Lake Ngami as
mapped and described by Akayang (1996). Basalts of the Kgwebe Formation
show a weak foliation of ~225/85 (Fig. 8d). Sedimentary rocks of the Karoo
Supergroup show a main trend of bedding of ~044/19 (Fig. 7d), being affected by
two different faults, the Tsokung Fault, that trends subparallel to the NE-SW
general azimuth of the basement fabrics, and a NW-SE trending fault (Rengaka
Fault), that exhibits a left lateral component of movement.
4.2.5. Savuti and Goha Hills
The Savuti and Goha Hills are located in northwestern Botswana. Here the
basement crops out close to the Mababe Depression (see Fig. 3) as a series of
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small aligned hills with scarce basement exposures. These hills expose
Mesoproterozoic rocks of the volcanic member of the Kgwebe Formation. This
unit is affected by a pervasive cleavage with very similar orientations in both
localities (shown on a single stereonet in Fig. 3), with an orientation of ~223/75,
indicating possibly sub-vertical folds following a N-NW/S-SE trend.

5. Discussion
ORZ faults nucleate and grow parallel to the trends of the Pan-African Damara
and Ghanzi-Chobe belts (Modisi et al., 2000, Kinabo et al., 2007, 2008;
Shemang and Molwalefhe, 2009; Mosley-Bufford et al., 2010, Leseane et al.,
2015). In this section we analyze how the structural style of the different
basement domains affected by normal faulting had an influence on the initiation
and evolution of the ORZ.
5.1.

Litho-Tectonic Boundaries

The location of the tectonic suture between the Congo Craton and the Kalahari
Cratons beneath and/or within the overlying Damara Belt in Northern Botswana
is still unclear (Carney et al., 1994; Singletary et al., 2003). Reeves (1978) and
Ludke et al. (1986) propose the location of this Pan-African suture corresponds
to the limit between the Roibok Complex and Ghanzi-Chobe Belt. They correlate
the Matchless Amphibolite in Namibia with the Roibok Complex in Botswana.
The Matchless Amphibolite forms a continuous and narrow belt that extends for
350 km in the southern part of the Damara Belt. The correlation is based upon
alignment along strike of both units, and their similar compositions for MORB-like
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and within-plate metabasalts (Miller, 1983; Breitkopf and Maiden, 1988;
Breitkopf, 1989; Ludke et al., 1986). The Matchless amphibolite is proposed to
mark the outline of the subduction zone associated with Pan-African collision of
the Congo and Kalahari Cratons (Barnes and Sawyer, 1980). We argue that this
tectonic suture represents a significant lithospheric discontinuity that localizes
extensional strain within the lithosphere at depths below the brittle-ductile
transition even if its upper crustal or surface manifestations remain enigmatic
(see Fig. 8).
Figure 5 shows the location of the ORZ faults with respect to three main tectonic
units affected by Damara orogenesis (Ghanzi-Chobe belt, Roibok Complex, and
Kwando Complex). The Tsau and Chobe faults, located at the western side of
the ORZ, coincide with the boundary between the Ghanzi Chobe Belt and the
Kwando complex. The southwestern tip of the Tsau and Lecha faults terminate at
the contact with the Roibok Complex. The trace of the Kunyere, Thamalakane,
Mababe, Phuti, and Nare faults all parallel the strike of planar, tightly folded,
basement structures within the Ghanzi Ridge. The correspondence between the
trace of the Linyanti Fault, located inside the Kwando Complex, and the Gumare
fault, located in the Koanaka Group, with older regional fabrics is less obvious.
5.2.

Nucleation of the embryonic ORZ

The ORZ initiated by reactivating a prominent, favorably oriented, tectonic suture
between two distinct litho-tectonic basement blocks: the Ghanzi-Chobe belt and
the Kwando Complex. Carney et al., (1994) interpret this same contact to be the
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Figure 8. Simplified model for the nucleation and growth of normal faults in the Okavango Rift

Zone. Growth model for the ORZ is based on the Simple Shear model of Wernicke [1981], and
basic geometry from Foster et al., [2015]. Strain localization is focused in a lithospheric-scale
suture zone reaching below the brittle-ductile transition. These paleosuture in the ORZ
corresponds to the Roibok Complex, and seems to mark the paleo-subduction zone between the
Kalahari and Congo cratons. In this model the Kalahari Craton is subducting the Congo Craton.
Fluids ascend using this paleo-suture to the upper-crustal level, weakening the crust. 1. TsauChobe Faults, 2. Lecha Fault, 3. Kunyere Fault, 4. Thamalakane Fault.

tectonic crustal-scale suture between the Ghanzi-Chobe zone and OkavangoShakawe zones of the Damara Orogenic Belt. Kinabo et al. (2008), based on
geophysical evidence, interpreted older and less active faults (e.g., Tsau and
Lecha) to be preferentially located within the center of the rift. We suggest, based
on interpretation of the geophysical anomalies that Tsau and Chobe faults are
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hard-linked in the subsurface (Fig. 5). This fault system then defines the location
of the development of the embryonic ORZ. We infer that the Tsau and Chobe
faults both nucleated and grew in length along this tectonic suture because this
zone defined a significant minimum in the mechanical strength of the crust due to
its well-developed planar fabric having a favorable orientation with respect to the
regional tectonic stress field. Leseane et al. (2015) surmised that upward focused
migration of hot geothermal fluids, potentially derived from the mantle, along this
same boundary also played a role in weakening this lithospheric suture which
would further enhance strain localization and initiation of the precursor border
faults that initially defined the nascent ORZ. Thus, we interpret the linking of the
Tsau and Chobe faults to have defined the first border fault system for the ORZ.
This initial border fault system inherited the tectonic contact between the GhanziChobe belt and the Kwando Complex as a result of the interplay between the
regional tectonic stress field, optimally-orientated well-developed basement
fabrics, and fluid migration. However, with continued extension this early border
fault system appears to have been abandoned (see Kinabo et al., 2008).
5.3.

Widening of the ORZ

The ORZ appears to be widening in a SE direction as it evolves. Kinabo et al.
[2008] proposed that the younger and more active faults (e.g., Thamalakane and
Mababe) occur along the southeastern margin of the ORZ. This shift in fault
activity represents a strain transfer, from the older inactive faults in the interior of
the rift, to the potentially youngest faults (e.g., Phuti and Nare) on the present
day southeastern margin of the ORZ (Fig. 5). Widening of the ORZ rift was
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proposed to be occurring as a result of “fault piracy” – the capture of strain from
segments of an older, active, fault in the interior of the rift by younger faults that
are nucleating and lengthening along the margin of the rift [Kinabo et al., 2008].
While “fault- piracy” provides an accurate description of spatial relationships
among ORZ faults in various stages of linking (i.e., hard vs soft), Kinabo et al.,
[2008] did not offer an explanation as to why younger faults would preferentially
nucleate and grow along the margins of the rift.
We suggest that focused circulation of fluid along fault zones, and the presence
of mechanical strength anisotropies in the crust, plays a fundamental role in the
process of “fault-piracy” and the continued development and expansion of the
ORZ. Figure 9 is a schematic Mohr Circle diagram illustrating the variation in
mechanical strength properties of highly foliated basement, active faults that
contain in-cohesive fault breccia and gouge, and faults in which the breccia and
gouge have been cemented and increased the cohesive strength of the rock. As
a result of plate rotation [Malservisi et al., 2013; Yu et al., 2015] the differential
stress increases until the Mohr circle becomes tangent to the failure envelope of
the foliated basement (envelope A) – at this point a normal fault nucleates and
grows by failure along the basement foliation. The development of a fault
gouge/breccia along the fault plane reduces the cohesive strength of the fault
plane and the failure envelope is described by Byerlee’s Law. The fault plane
focusses fluid flow in the crust such that high pore-fluid pressures develop within
the fault zone and reshear of the fault plane can occur at lower differential
stresses than needed to initiate a new fault along the basement foliation

97

Figure 9. Variation in mechanical strength of basement rocks. A) Rock failure as an increase of
the differential stress due to horizontal rotation produced by extension. B) Pore fluid pressure in
decreasing the mean stress required to reactivate preexisting discontinuities under conditions of
low differential stresses. C) Cohesion strength of the ORZ faults by cementation of fault breccia,
promoting strain hardening of fault traces and strain migration to weaker planes.

(envelope B). The mechanical strength property of the fault zone can be
increased, as a result of an increase in the cohesive strength of the fault-rock, by
cementation of the fault breccia and gouge as a result of fluid-rock interaction –
the process of “fault-hardening” 9envelope C). This creates a situation in which
optimally oriented basement fabrics will fail and nucleate a new normal fault at
lower differential stresses than required to re-shear a “fault-hardened” fault zone
and the cycle begins anew.
We suggest that early ORZ fault zones were eventually abandoned as a result of
a significant increase in the mechanical strength of the fault zone due to
cementation of fault gouge and breccia, during periods of fault inactivity, as a
result of focused fluid flow along the trace of the fault [Sibson, 2000]. As early
ORZ fault zones in the interior of the rift (e.g., Tsau and Chobe) become
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increasingly stronger during the fault cycle [Sibson, 2000], favorably oriented,
prominent, planar basement fabrics in the adjacent Ghanzi Group (Figs. 4, 5, 6,
7a) eventually become comparably mechanically weaker. Basement fabrics in
the Ghanzi Group that are 1) outside of the strain shadow of the interior fault
(which has become mechanically stronger) and 2) are favorably oriented within
the regional stress field, reactivate as normal faults during extension (e.g.,
Kunyere). Fluid circulation in the upper crust is then captured and focused along
these new faults. The older faults, being impermeable as a result of cementation
of the fault zone, are more likely to represent “seals”. While the new fault remains
active, the presence of high pore fluid pressure within the fault zone favors
significant lengthening of the fault, at lower displacements, as a result of the
migration of a pore-fluid pressure wave in the direction of σ2 along the strike of
the favorably oriented planar basement fabric [Sibson, 2000]. With time, these
faults are also likely to have undergone mechanical strength hardening as a
result of cementation of the fault zone breccia/gouge during periods of tectonic
quiescence. Thus, we suggest that previously proposed border faults closer to
the interior of the rift, such as Kunyere [Modisi et al., 2000], were likely
abandoned in favor of new border faults such as Thamalakane [Kinabo et al.,
2008] further into the Ghanzi Group. This feedback-cycle leads to a progressive
widening of the rift with time because the prominent planar basement fabric of
the Ghanzi Group (along the southeastern margin of the rift) is favorably oriented
such that it eventually becomes significantly mechanically weaker than older
border faults that become significantly stronger as a result of “fault-hardening”.
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The length (~450 km) and width (~100 km) of the ORZ is considered atypical for
a relatively young (~40,000 ka to ~120,000 ka) continental rift. The continuous
nature (i.e., rare evidence for segmentation) and long lengths with respect to total
displacement is an intrinsic characteristic of the ORZ normal faults [Kinabo et al.,
2008]. The long continuous nature of these faults, and thus the length of the ORZ
reflect the combined role of tectonic inheritance of favorably oriented GhanziChobe basement fabric and migration of a pore fluid pressure wave along the
strike of the fault promoted reactivation of the extensive planar foliation as normal
faults at relatively low differential stress. Similarly, once the initial border fault
was established (e.g., Tsau-Chobe fault system) widening of the rift will have
initiated when the mechanical strength of the border fault system exceed that of
the Ghanzi-Chobe basement fabric. We suggest this is a cyclic process that
begins with an increase in the mechanical strength of the fault (i.e., “faulthardening”) due to cementation of the fault breccia and gouge as a result of
localized fluid circulation within the fault zone during periods of tectonic
quiescence (i.e., low differential stress). An increase in the regional differential
stress, as a result of renewed plate rotations [Malservisi et al., 2013; Yu et al.,
2015], results in failure of the Ghanzi-Chobe basement fabric before the existing
border fault fails and a new border fault system forms and the cycle begins again.
5.4.

Termination of the ORZ

The ~280° trending, ~100 km long, dextral Sekaka Shear zone is considered the
southern termination of the ORZ (Modisi et al., 2000). Here the strike of the major
normal faults of the ORZ rotate to the southwest and merge into Sekaka Shear
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zone (Fig. 5). The Sekaka Shear zone sharply truncates, at high angles, the
prominent basement fabric of the Roibok and the Ghanzi-Chobe belt. The
western terminus of the shear zone shows a dextral separation of the basement
where it dissipates at the boundary between the Roibok and Koanaka Group.
The strike of the Sekaka Shear zone is subparallel to the N110°E giant
Okavango Dike Swarm. The strike of the adjoining and coeval giant dike swarm
(N70°E) parallels the strike of the ORZ normal faults. Le Gall et al., (2005)
interpreted the intrusion of both of these giant dike swarms inherited a brittle
basement fabric that developed during a previous Proterozoic diking event. We
suggest that the Sekaka Shear zone, which is a major barrier for the
southwestern propagation of the ORZ rift, similar to the N110oE dikes, has also
inherited this Proterozoic basement fabric. Similar to the Sekaka Shear zone, the
strike of the southwestern end of the Tsau Fault also rotates into conformability
with this same basement fabric.
Modisi et al., (2000) suggests that the Sekaka Shear zone represents a possible
nascent accommodation zone. We speculate that the southern end of the older
Tsau Fault may represent an abandoned earlier attempt at development of an
accommodation zone as well. The antithetic Gumare Fault that forms the western
edge of the ORZ appears to be unaffected by the shear zone as we do not
observe any evidence to support the presence of soft- or hard-linkages. The
Gumare Fault (Fig. 5) extends in a southwestern direction into Namibia, where it
has been mapped based on aeromagnetic maps for at least 100 km west from
the Botswana-Namibia border (see Fig. 7.24 in Larkin, et al., 2015). In addition,
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surface studies (e.g., remote sensing interpretation and field work) show the
continuation of the Gumare Fault into the Eiseb graben in Namibia (Wanke,
2005). If the Sekaka Shear zone does indeed represent an accommodation
zone, than it is likely that the polarity of the rift will flip (see Chorowicz, 2005) and
the Gumare Fault will change, along strike to the southwest, from an antithetic
fault of the ORZ to a master border fault for the Eiseb graben.

6. Conclusions
The coincidence in the orientation of major rift related faults with prominent
basement fabrics has been used by numerous authors to promote the
importance of “tectonic-inheritance” in the localization of strain associated with
continental rifting (e.g., see Morley, 1999 for a review and more recently LaoDavila et al., 2016). We build upon this observation by describing a feed-back
cycle that involves planar strength anisotropies that are 1) favorably oriented in
the regional stress field, 2) focus fluid-flow to elevate the significance of fluid-rock
interactions, and thus have the potential to affect all stages of continental rifting
through strain localization at several scales.
The formation and development of the Okavango Rift Zone, northern Botswana
has been significantly affected by the presence of preexisting mechanical
strength anisotropies in the lithosphere, which combined with fluid focused fluid
flow, greatly influenced the localization of strain associated with continental
extension at several scales. Clockwise rotation of the South African Block
(Malservisi et al., 2013; Yu et al., 2015) produced a regional stress field
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compatible with crustal extension in a northwest-southeast direction. The location
of the incipient ORZ was controlled by the presence of a favorably oriented
regional scale deep lithospheric suture zone within the Damara Belt (i.e., the
Roibok - Kwando complexes) that formed during the continental collision
between the Kalahari Craton and the Congo Craton. This suture zone has been
suggested to have localized the upward percolation of mantled derived fluids
which significantly further weakened this zone and localized the strain associated
with crustal extension (Leseane et al., 2015). We suggest the initial major border
fault for the ORZ, the Tsau-Chobe fault system formed along the border of the
Roibok- Kwando complex and the Ghanzi-Chobe Belt. In addition to weakening
resulting from geothermal fluids, the orientation of this planar boundary within the
regional extensional stress field was optimally oriented to coincide with the
minimum in its mechanical strength. This combination (i.e., proper orientation
and high pore fluid pressure) favors the nucleation and growth of normal faults by
reactivation of this boundary rather than by initiating brittle failure along a new
fault within either block.
Movement of fluids within the rift was and continues to be greatly influenced and
focused along active fault zone(s) (e.g., see Podgorsky, 2013; Leseane, et al.,
2015). During episodes of faulting, the development of a pore-fluid pressure
wave traveling along the strike of the fault promoted lengthening of the faults at
low levels of displacement (see Sibson, 2000). We speculate this process
promoted the ORZ reaching its present day length early in its development.
Transient fluctuations in the regional stress field, leading to periods of tectonic
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quiescence, resulted in circulating fluids cementing fault breccia and gouge. This
process would have significantly enhanced the cohesive strength of the fault
zones – “fault hardening”. Thus older fault zones, which had become cemented,
were now significantly mechanically stronger than the preexisting planar
basement fabric in the Ghanzi-Chobe Belt. During renewed regional extension,
favorably oriented basement fabrics in the Ghanzi-Chobe Belt reactivated at
lower differential stress than required to induce failure along the older faulthardened faults and new normal faults nucleated and grew. This cycle of
nucleation of a new fault by reactivation of a planar strength anisotropy in the
basement, followed by fault-hardening, then abandonment in favor of yet again
nucleation of another new fault, resulted in the second stage of rift development,
the widening of the ORZ in a southeast direction into the Ghanzi-Chobe Belt.
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SECTION

2. CONCLUSIONS

Evaluation of the role of tectonic inheritance and its relation with fault
growth during incipient continental rifting was completed using an integrated
remote sensing, aeromagnetic, and field work analysis. The major conclusions of
this study include: (1) ORZ faults are intrinsically very long and under-displaced
compared with more “evolved” normal fault systems associated with rifting. (2)
The main normal faults in the system have a continuous nature rather than
exhibiting segmentation along their length. (3) The long and continuous nature of
the ORZ suggests that the mechanical anisotropies in the basement, favorably
oriented with respect to the regional stress field, are the main factor influencing
fault growth at incipient rifting stages. (4) Long fault traces inhibit the growth of
neighboring fault traces and localize fluid migration, increasing the pore fluid
pressure within the fault zone, which becomes the “master border fault”. (5)
During inter-seismic periods, deposition of carbonate minerals from fluids along
the fault traces promotes hardening of the fault traces. This results in an increase
in the cohesive strength of the fault zone and subsequent abandonment of this
“master fault” for initiation of a new fault along another favorably oriented
anisotropy with lower shear stress required for failure. (6) Nucleation of the
incipient ORZ occurred along a lithospheric suture within the Damara Belt. (7)
The lithospheric suture focused upward percolation of mantle fluids, weakening
the lithosphere and facilitating strain localization. (8) Widening of the ORZ
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occurred through fault hardening, with strain migration within prominent
basement weaknesses in the Ghanzi-Chobe belt.
The integration of remote sensing data (SRTM, Landsat, GeoEye),
aeromagnetic maps, and field work, proved to be a very effective tool for
evaluating the initial rifting stages in an area where outcrops are sparse and the
basement is obscured by thick layers of Kalahari sands and fault traces are
affected by erosion and sedimentation. In order to have a better estimate of the
processes affecting initial rifting, further analysis needs to be carried out, mainly
regarding to (1) erosion/sedimentation rates along fault scarps. (2) isotopic
analysis to constrain fault ages. (3) Detailed geophysical analysis to establish
accurate fault geometries.
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